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Abstract 
The naturally abundant and low-cost biopolymer, chitin A, which was 
isolated from shrimp shell wastes, has been proved to adsorb metal ions effectively in 
aqueous solution. In order to improve and simplify the separation technology in 
wastewater treatment process, magnetite was proposed to immobilize chitin A and 
magnetic property was implied on chitin A. Magnetite-immobilized chitin A (MCA) 
was then separated from aqueous solution by an aid of magnet easily. 
The present study showed that the immobilization of chitin A by magnetite 
was effective and successful under optimized conditions. The optimal chitin A to 
magnetite ratio was 2:1. Moreover, mass production of M C A in the immobilization 
process would not be affected easily which could be indicated by high immobilization 
efficiency (-100%). 
The adsorption of three metal ions (Cu^^, Ni^ "^  and Zn^ "^ ) from aqueous 
solution by M C A was studied in a batch adsorption system. Meanwhile, two 
conventional adsorbents, activated carbon (AC) and cation exchange resin (CER) were 
used for the comparison. 
The adsorption of M C A was highly dependent on pH, adsorbent dosage, 
adsorption time, temperature, and initial metal ion concentration were optimized to 
yield high removal efficiency. Generally, the adsorption performance of three 
adsorbents was in the order of CER, M C A and AC. Under optimized conditions, the 
removal efficiencies of Cu^ "^ , Np"^ and for M C A were 91.67, 86.16 and 95.26% 
ii 
respectively. In addition, the removal capacities of Cu^ "^ , Ni^ "^  and Zn^^ for M C A were 
56.71, 6.38 and 18.68 mg/g respectively. As a result, the adsorption affinity of M C A 
was Cu2+>Zn2+〉Ni2+. 
The adsorption isotherm studies clearly indicated that the adsorptive 
behaviour of Cu^^, Ni^^ and Zn^^ by M C A were a monolayer adsorption process. The 
adsorption equilibrium for Cu and Zn fitted the Langmuir isotherm than the 
Freundlich isotherm, while that of Ni^^ followed the Freundlich isotherm better. The 
maximum adsorption capacities for Cu2+, Ni^ "^  and Zn^^ were found to be 53.19, 49.02 
and 23.58 mg/g. The dimensionless separation factor (Ri) showed that M C A could be 
used for removal of all three metal ions from aqueous solutions. 
The applicability of the kinetic model has been investigated for M C A . 
Experimental results indicated that a pseudo-second-order reaction model provided 
the best description of the data with a correlation coefficient 0.999 for different initial 
metal ion concentrations. The rate constants were also determined. 
Various thermodynamic parameters such as standard free energy (AG°), 
enthalpy (A//°) and entropy (AS°) were calculated for predicting the adsorption nature 
of M C A . The adsorption of Cu^^ on M C A was spontaneous and endothermic in nature. 
2+ 2+ 
While the adsorption of Ni and Zn on M C A was exothermic in nature. 
In order to enhance the reusability of M C A , close to 100% of loaded metal 
ions could be recovered from metal ion-laden M C A by 0.1 M EDTA. Generally, for 
Cu2+ and Zn^^, the adsorption ability decreased while the adsorption ability remained 
stably for Ni^^ after the first adsorption and desorption cycle. The recovery efFiciencie 
iii 
were not affected and up to 100% in three cycles. 
Based on the results obtained in this study, M C A , which is an inexpensive 
and easily available material, that can be used for metal ions removal as an alternative 
























































List of figures xv 
List of plates xx 
List of tables xxi 
Abbreviations xxiii 
1. Introduction 1 
1.1 Heavy metals 1 
1.1.1 Characteristics of heavy metals 1 
1.1.2 Heavy metal pollution in Hong Kong 2 
1.1.3 Common usage of heavy metals 4 
1.1.3.1 Copper 4 
1.1.3.2 Nickel 4 
1.1.3.3 Zinc 5 
1.1.4 Toxicity of heavy metals 5 
1.1.4.1 Copper 6 
1.1.4.2 Nickel 7 
1.1.4.3 Zinc 7 
1.1.5 Treatment techniques for metal ions 8 
1.1.5.1 Chemical precipitation 9 
1.1.5.2 Ion exchange 10 
1.1.5.3 Activated carbon adsorption 10 
viii 
1.2 Biosorption 11 
1.2.1 Definition of biosorption 11 
1.2.2 Mechanism 12 
1.2.3 Advantages of biosorption 13 
1.2.4 Selection of biosorbents 15 
1.3 Chitinous materials 17 
1.3.1 Background of chitin 17 
1.3.2 Structures of chitinous materials 18 
1.3.3 Sources of chitinous materials 18 
1.3.4 Application of chitinous materials 20 
1.3.5 Mechanism of metal ion adsorption by chitin 22 
1.4 Activated carbon 25 
1 A. 1 Characteristics of activated carbon 25 
1.4.2 Applications of activated carbon 26 
1.4.3 Factors affecting adsorption ability of activated carbon 27 
1.4.4 Advantages and Disadvantages 28 
1.4.4.1 Advantages (Adsorption) 28 
1.4.4.2 Advantages (Regerneration) 28 
1.4.4.3 Disadvantages (Adsorption) 28 
1.4.4.4 Disadvantages (Regeneration) 29 
1.5 Cation exchange resin 29 
1.5.1 Usages of cation exchange resin 29 
1.5.2 Characteristics of cation exchange resin 
1.5.3 Disadvantages of using cation exchange resin 30 
1.6 Magnetite 
1.6.1 Reasons of using magnetite 31 
ix 
1.6.2 Characteristics of magnetite 31 
1.6.3 Immobilization by magnetite 32 
1.6.4 Advantages of using magnetite 33 
1.7 The biosorption experiment 33 
1.7.1 The batch biosorption experiment 33 
1.7.2 The adsorption isotherms 34 
1.7.2.1 The Langmuir adsorption isotherm 34 
1.7.2.2 The Freundlich adsorption isotherm 36 
2. Objectives 38 
3. Materials and methods 39 
3.1 Adsorbents 39 
3.1.1 ChitinA 39 
3.1.2 Pretreatment of chitin A 39 
3.1.3 Magnetite 39 
3.1.4 Activated carbon 41 
3.1.5 Cation exchange resin 41 
3.1.6 Pretreatment of cation exchange resin 41 
3.2 Chemicals 43 
3.2.1 Metal ion solution 43 
3.2.2 Buffer solution 43 
3.2.3 Standard solution 43 
3.3 Immobilization of chitin A by magnetite 44 
3.3.1 Effect of chitin A to magnetite ratio 44 
3.3.2 Effect of amount of chitin A and magnetite in a fixed ratio 45 
XV 
3.3.3 Effect of pH 45 
3.3.4 Effect of immobilization time 46 
3.3.5 Effect of temperature 46 
3.3.6 Effect of agitation rate 46 
3.3.7 Effect of salinity 46 
3.3.8 Mass production of magnetite-immobilized chitin A 47 
3.4 Batch adsorption experiment 47 
3.5 Optimization of physicochemical condition on Cu^ ,^ Ni^ ^ and Zn^ ^ 48 
adsorption by MCA, AC and CER 
3.5.1 Effect of equilibrium pH 48 
3.5.2 Effect of amount of adsorbent 49 
3.5.3 Effect of retention time 49 
3.5.4 Effect of agitation rate 49 
3.5.5 Effect of temperature 50 
3.5.6 Effect of initial metal ion concentration 50 
3.5.7 Adsorption isotherms 50 
3.5.8 Dimensionless separation factor 52 
3.5.9 Kinetic parameters of adsorption 52 
3.5.10 Thermodynamic parameters of adsorption 53 
3.6 Recovery of Cu^ ,^ N p and Zn�— from metal ion-laden MCA 54 
3.6.1 Performances of various solutions on metal ion recovery 54 
3.6.2 Multiple adsorption and desorption cycles of metal ions 55 
3.7 Statistical analysis of data 55 
4. Results 56 
4.1 Immobilization of chitin A by magnetite 56 
xi 
4.1.1 Effect of chitin A to magnetite ratio 56 
4.1.2 Effect of amount of chitin A and magnetite in a fixed ratio 59 
4.1.3 Effect of pH 59 
4.1A Effect of immobilization time 59 
4.1.5 Effect of temperature 59 
4.1.6 Effect of agitation rate 64 
4.1.7 Effect of salinity 64 
4.1.8 Mass production of magnetite-immobilized chitin A 64 
4.2 Batch adsorption experiment 67 
4.2.1 Screening of adsorbents 67 
4.3 Optimization of physicochemical condition on Cu^ ,^ Ni^ ^ and Zn^ ^ 70 
adsorption by MCA, AC and CER 
4.3.1 Effect of equilibrium pH 70 
4.3.2 Effect of amount of adsorbent 74 
4.3.3 Effect of retention time 78 
4.3.4 Effect of agitation rate 82 
4.3.5 Effect of temperature 82 
4.3.6 Effect of initial metal ion concentration 86 
4.3.7 Summary of optimized conditions for three metal ions 87 
4.3.8 Cost analysis of metal ion removal by three adsorbents 87 
4.3.9 Performance of reference adsorbents (AC and CER) 87 
4.3.10 Adsorption isotherms 99 
4.3.11 Dimensionless separation factor 103 
4.3.12 Kinetic parameters of adsorption 106 
4.3.13 Thermodynamic parameters of adsorption 113 
4.4 Recovery of Cu】.，Ni^ "" and Z n � . from metal ion-laden MCA 113 
4.4.1 Performances of various solutions on metal ion recovery 113 
4.4.2 Multiple adsorption and desorption cycles of metal ions 117 
xii 
5. Discussions 121 
5.1 Immobilization of chitin A by magnetite 121 
5.1.1 Effect of chitin A to magnetite ratio 121 
5.1.2 Effect of amount of chitin A and magnetite in a fixed ratio 121 
5.1.3 Effect of pH 122 
5.1.4 Effect of immobilization time 122 
5.1.5 Effect of temperature 122 
5.1.6 Effect of agitation rate 123 
5.1.7 Effect of salinity 123 
5.2 Batch adsorption experiment 123 
5.2.1 Screening of adsorbents 123 
5.3 Optimization of physicochemical condition on Ni^ ^ and Zn^ ^ 124 
adsorption by MCA, AC and CER 
5.3.1 Effect of equilibrium pH 125 
5.3.2 Effect of amount of adsorbent 126 
5.3.3 Effect of retention time 127 
5.3.4 Effect of agitation rate 128 
5.3.5 Effect of temperature 128 
5.3.6 Effect of initial metal ion concentration 129 
5.3.7 Summary of optimized conditions for three metal ions 130 
5.3.8 Cost analysis of metal ion removal by three adsorbents 132 
5.3.9 Performance of reference adsorbents (AC and CER) 133 
5.3.10 Adsorption isotherms 133 
5.3.11 Dimensionless separation factor 135 
5.3.12 Kinetic parameters of adsorption 136 
5.3.13 Thermodynamic parameters of adsorption 139 
5.4 Recovery of Cu】—，Ni^"" and Zn:. from metal ion-laden MCA 140 
xiii 
5.4.1 Performances of various solutions on metal ion recovery 140 
5.4.2 Multiple adsorption and desorption cycles of metal ions 141 
6. Conclusions 143 
7. References 145 
xiv 
List of Figures 
Figure Title Page 
1.1 The chemical structure of chitin A 19 
1.2 The chemical structure of chitin C 19 
1.3 The flow diagram of the production process of chitin A 21 
1A Possible chelation complex of metal ion with chitin 24 
4.1 The (a) immobilization efficiency (IE) and (b) immobilization capacity 57 
(IC) of different chitin A to magnetite ratio 
4.2 The (a) immobilization efficiency (IE) and (b) immobilization capacity 60 
(IC) of different amounts of magnetite and chitin A in a fixed ratio 
4.3 The (a) immobilization efficiency (IE) and (b) immobilization capacity 61 
(IC) of different initial pHs 
4.4 The (a) immobilization efficiency (IE) and (b) immobilization capacity 62 
(IC) of different immobilization times 
4.5 The (a) immobilization efficiency (IE) and (b) immobilization capacity 63 
(IC) of different temperatures 
4.6 The (a) immobilization efficiency (IE) and (b) immobilization capacity 65 
(IC) of different agitation rates 
4.7 The (a) immobilization efficiency (IE) and (b) immobilization capacity 66 
(IC) of different salinities 
XV 
4.8 The (a) removal efficiency (RE) and (b) removal capacity (RC) of three 68 
metal ion adsorption by different absorbents 
4.9 The (a) removal efficiency (RE) and (b) removal capacity (RC) of three 69 
metal ion adsorption by different reference absorbents 
4.10 The Cu2+ (a) REs and (b) RCs of different equilibrium pH 71 
4.11 The Ni2+ (a) REs and (b) RCs of different equilibrium pH 72 
4.12 The Zn2+ (a) REs and (b) RCs of different equilibrium pH 73 
4.13 The Cu2+ (a) REs and (b) RCs of different amounts of adsorbents 75 
4.14 The Ni2+ (a) REs and (b) RCs of different amounts of adsorbents 76 
4.15 The Zn2+ (a) REs and (b) RCs of different amounts of adsorbents 77 
4.16 The Cu2+ (a) REs and (b) RCs of different retention times 79 
4.17 The Ni2+ (a) REs and (b) RCs of different retention times 80 
4.18 The Zn2+ (a) REs and (b) RCs of different retention times 81 
4.19 The Cu2+ (a) REs and (b) RCs of different agitation rates 83 
4.20 The Ni^^ (a) REs and (b) RCs of different agitation rates 84 
4.21 The Zn2+ (a) REs and (b) RCs of different agitation rates 85 
4.22 The Cu^ "" (a) REs and (b) RCs of different temperatures 88 
4.23 The Ni】—（a) REs and (b) RCs of different temperatures 89 
xvi 
4.24 The Zn^^ (a) REs and (b) RCs of different temperatures 90 
4.25 The Cu^^ (a) REs and (b) RCs of different initial Cu^ "" concentration 91 
4.26 The Ni^ "" (a) REs and (b) RCs of different initial Ni^^ concentration 92 
4.27 The Zn^^ (a) REs and (b) RCs of different initial Zn^^ concentration 93 
4.28 The Cu^ "" (a) REs and (b) RCs of different reference adsorbents 96 
4.29 The Ni^^ (a) REs and (b) RCs of different reference adsorbents 97 
4.30 The Zn^^ (a) REs and (b) RCs of different reference adsorbents 98 
4.31 The Langmuir adsorption isotherm (a) and Freundlich adsorption 100 
isotherm (b) ofCu^"" adsorbed by M C A , A C and CER 
4.32 The Langmuir adsorption isotherm (a) and Freundlich adsorption 104 
isotherm (b) o f N P adsorbed by M C A , A C and CER 
4.33 The Langmuir adsorption isotherm (a) and Freundlich adsorption 105 
isotherm (b) of Zn2+ adsorbed by M C A , A C and CER 
4.34 Pseudo-first-order kinetic plots for the adsorption of Cu^ "^  on M C A at 108 
various Cu^^ initial concentrations 
4.35 Pseudo-first-order kinetic plots for the adsorption of Ni^^ on M C A at 108 
various Ni^ "^  initial concentrations 
4.36 Pseudo-first-order kinetic plots for the adsorption of Zn^^ on M C A at 109 
various Zn^^ initial concentrations 
xvii 
4.37 Pseudo-second-order kinetic plots for the adsorption of Cu^^ on M C A at 109 
various Cu^^ initial concentrations 
4.38 Pseudo-second-order kinetic plots for the adsorption of Ni^^ on M C A at 110 
various Ni^^ initial concentrations 
4.39 Pseudo-second-order kinetic plots for the adsorption of Zn^^ on M C A at 110 
various Zn】. initial concentrations 
4.40 Plots of intraparticle diffusion model for the adsorption of Cu^^ on M C A 111 
at various Cu initial concentrations 
4.41 Plots of intraparticle diffusion model for the adsorption ofNi^ "^  on M C A 111 
at various Ni^^ initial concentrations 
4.42 Plots of intraparticle diffusion model for the adsorption of Zn^^ on M C A 112 
at various initial concentrations 
4.43 A plot of In K^ versus MT for estimation of thermodynamic parameters 114 
for the adsorption of Cu】. on M C A 
4.44 A plot of In Ka versus 1/7 for estimation of thermodynamic parameters 114 
for the adsorption of Ni^ "^  on M C A 
4.45 A plot of In Ka versus \/T for estimation of thermodynamic parameters 115 
for the adsorption of Zn on M C A 
4.46 The Recovery efficiency, ReC (%) of different desorption solutions 116 
4.47 The Cu^ "^  removal and recovery capacities of M C A in three adsorption 118 
and desorption cycles 
xviii 
4.48 The Ni^^ removal and recovery capacities of M C A in three adsorption 119 
and desorption cycles 
4.49 The Zn:. removal and recovery capacities of M C A in three adsorption 120 
and desorption cycles 
xix 
List of Plates 
Plate Title Page 
1.1 Separation of magnetite-immobilized chitin by a magnet 33 
3.1 The appearance of chitin A 40 
3.3 The appearance of magnetite 40 
3.3 The appearance of activated carbon 42 
3.4 The appearance of cation exchange resin 42 
4.1 Loss of chitin A during immobilization in different m to c 58 
ratio 
XV 
List of Tables 
Table Title Page 
1.1 Concentration of selected heavy metals analyzed from different 3 
sources by EPD 
1.2 Selected technical memorandum standards for effluents 3 
discharged into drainage and sewerage system, island and 
coastal water 
1.3 Common environmental concentration of selected heavy metal 4 
ion concentration (mg/L) 
1.4 Characterization of metal ion removal and recovery 14 
technologies 
1.5 Cost comparison of various adsorbents 14 
1.6 Application of chitin, chitosan and their derivatives 23 
1.7 Properties of Amberlite IR-120 30 
1.8 Properties of magnetite 32 
4.1 Summary of the selected conditions for producing M C A 64 
4.2 Summary of optimized conditions for three metal ions by M C A 94 
4.3 Summary of optimized conditions for three metal ions by A C 94 
4.4 Summary of optimized conditions for three metal ions by C E R 95 
xxiv 
4.5 Summary of r^  and constants of (a) Langmuir and (b) 101 
Freundlich adsorption isotherms of the adsorption of three 
metal ions by M C A , A C and C E R 
4.6 Summary of the mean values of Rl for dimensionless separation 106 
factor of the adsorption of three metal ions by M C A , A C and 
C E R 
4.7 Kinetic parameters for three metal ions adsorption on M C A at 107 
various initial concentrations 
4.8 Kinetic parameters for three metal ions adsorption on M C A at 112 
various initial concentration 
4.9 Thermodynamic parameters calculated from the Langmuir 115 
constant (Ka) for the adsorption of metal ions on M C A 
4.10 The desorption pH of solution and metal ion-laden M C A 118 
mixtures 
5.1 Adsorption capacities for Cu:., Ni^^ and Zn^^ of various 136 
adsorbents 
5.2 Pseudo-second-order kinetic model of various related systems 138 
from the literature 
xxii 
Abbreviations 
A A S Atomic absorption spectrophotometry 
A C Activated carbon 
A N O V A Analysis of v^iance 
b Empirical constant of Langmuir equation, indicative of 
adsorption affinity (L/mg) 
CER Cation exchange resin 
C The intercept 
Ce The equilibrium concentration of solute in bulk aqueous phase 
after adsorption (mg/L) 
Co Initial metal ion concentration (mg/L) 
EPD Environmental Protection Department 
ICP-AES Inductively coupled plasma-atomic emission spectrophotometry 
ICPI International Chitin Production, Inc. 
IE Immobilization efficiency 
IC Immobilization capacity 
k Empirical constant of Freundlich equation, indicative of 
adsorption capacity 
1 /9 
kp The intraparticle diffusion rate constant (mg/g/min ) 
ki The rate constant of the pseudo-first-order adsorption process 
k2 The rate constant of the pseudo-second-order adsorption process 
M C A Magnetite-immobilized chitin A 
qe The amount of metal ion adsorbed per unit dry weight of 
adsorbent at concentration Ce (mg of metal ion /g of adsorbent) 
xxiii 
qeq The amount of metal ion adsorbed at equilibrium (mg/g) 
qmax The theoretical maximum uptake of metal ion per unit dry weight 
of adsorbent (mg of metal ion /g of adsorbent) 
qt The amount of metal ion adsorbed at time t (mg/g) 
Rl Dimensionless constant 
r^  Correlation coefficient 
RC Removal capacity (mg of adsorbate/g of adsorbent) 
RE Removal efficiency (%) 
ReC Recovery capacity (mg/g) 
ReE Recovery efficiency (%) 
t Time (min) 
V The volume of adsorbate (L) 
W The dry weight of biosorbent (g) 
W P C O Water Pollution Control Ordinance 




1.1 Heavy metals 
1.1.1 Characteristics of heavy metals 
Heavy metal is a popular term in the environmental literature. It is any 
higher atomic weight elements, which has the properties of a metallic substance at 
room temperature. There are several different definitions concerning which elements 
fall in this class designation. Alternative terms are ’metal’ or 'semi-metal’. According 
to one definition (Bunke et al, 1999), heavy metals can be defined as density of 
' J 
elements greater than 4.5 g/cm . Copper, nickel and zinc are heavy metals having 
element densities of 8.92，8.90 and 7.14 g/cm^ respectively. Living organisms require 
trace amounts of some heavy metals, including cobalt, copper, manganese and zinc, 
but excessive levels can be detrimental to the organism. Others such as mercury, lead 
and cadmium, have no beneficial effects on organisms, and usually they accumulate 
into the bodies of mammals and cause serious illness. Those which commonly cause 
pollution include antimony, arsenic, cadmium, chromium, cobalt, copper, iron, lead, 
mercury, nickel, silver, thallium, tin, vanadium and zinc (Martin and Coughtrey, 
1982). 
Heavy metals are transport to air, water and soil from various sources 
through diverse routes. These include the natural sources released from geochemical 
materials and the human activities such as mining, agricultural activities, industrial 
processes and miscellaneous activities in urban life. The heavy metals enter to the 
environment as mine wastes which are produced by both metalliferous and 
non-metalliferous industries (Martin and Coughtrey, 1982). 
1 
Unlike organic pollutants, which can eventually be destroyed in most cases, 
metallic species released into the environment tend to persist indefinitely, circulating 
and eventually accumulating throughout the food chain posing thus a serious threat 
to animals and man (Volesky, 1994). 
1.1.2 Heavy metal pollution in Hong Kong 
The heavy metal pollution in Hong Kong was most severe in the urban 
areas of Victoria Harbour, Tolo Harbour, Deep Bay and Northwestern water which 
were indicated by a sediment analysis (Blackmore, 1998). Bottom sediments in 
typhoon shelters were particularly heavily polluted with Cu^^ in 1995. It was found 
that since 1987, the levels of pollution have generally either stabilized or fallen in 
Deep Bay and Victoria Harbour, but the levels have increased in Inner Tolo Harbour 
and Northwestern waters. 
In addition, the Hong Kong Environmental Protection Department 
(HKEPD) had conducted a territory-wide baseline field sampling and laboratory 
analysis exercise during 2001/2002 in potential pollution sources. Results of selected 
metals were shown in the Table 1.1 (Yang et ah, 2005). By comparing the selected 
information of Standards for effluents discharged into foul sewers leading into 
Government sewage treatment plants under Chapter 358 A K "Technical 
Memorandum Standards for Effluents Discharged into Drainage and Sewerage 
Systems, Inland and Coastal Waters" (Table 1.2), the discharge effluent with three 
metals from sewage sources and sewage treatment works were well below the upper 
limit of the standard. Table 1.3 showed another study on the commonly observed 
copper, nickel and zinc concentrations (mg/L) in various environmental media in 
(Bradl and Xenidis, 2005). 
2 
Table 1.1. Concentration of selected heavy metals analyzed from different sources 
by H K E P D (Yang et al.’ 2005). 
Effluent Effluent Stormwater Stormwater 
(sewage (sewage system (dry system (wet 
sources) treatment weather) weather) 
(mg/L) works) (mg/L) (mg/L) 
(mg/L) 
Copper and compounds 3.98 x 10'' 2.85 x 10'^  3.65 x 10"^  2.27 x 10"^  
(total) 
Copper and compounds 1.14 x 10"' 9.87 x 10"^  2.42 x 10"^  7.54 x 10"^  
(dissolved) 
Nickel and compounds 7.73 x 10"^  8.57 x 6.41 x 10"^  9.97 x 10"^  
(total) 
Nickel and compounds 5.07 x 10"^  5.77 x 10"^  5.77 x 10"^  5.96 x ICT^  
(dissolved) 
Zinc and compounds 1.81 x 10"^  1.30 x 10"' 1.37x10—1 7.60 x 10'^  
(total) 
Zinc and compounds 7.26 x 10"^  1.35 x 10"^  2.20 x 10"^  7.98 x 10"^  
(dissolved) 
Table 1.2. Selected technical memorandum standards for effluents discharged into 
drainage and sewerage system, island and coastal water. 
^ lu m /aay >iu an d ^ 100 m^/day 
pH 6-10 6-10 
Temperature (°C) 43 43 
Copper (mg/L) 4, 1.5' 4, 
Nickel (mg/L) 4 3 
Zinc (mg/L) 5 5 
Total toxic metals (mg/L) 10 
a represents the standard for effluents discharge into a biological treatment water 
plants. 
3 
Table 1.3. Common environmental concentration of selected heavy metal ion 
concentration (mg/L) (Bradl and Xenidis, 2005). 
Material Cu^^ concentration Ni^ "^  concentration Zn^^ concentration 
Average Range Average Range Average Range 
Igneous rocks 125 80-200 75 2-3600 65 5-1070 
Sandstone 30 6-46 2 N/A' 30 5-170 
Fly ash 185 45-1452 141 23-353 449 27-2880 
100- 。 。 1000-
Sewage sludges 690 N/A" N/A' 2250 
^ ^ 1000 10000 
Soils 30 2-250 20 5-500 90 1-900 
Freshwater 
3 0.2-30 0.5 0.02-27 15 <1-100 
(l^ g/L) 
Seawater (^ ig/L) 0.25 0.05-12 0.56 0.13-43 5 <1-48 
a represents not detectable. 
1.1.3 Common usage of heavy metals 
1.1.3.1 Copper 
Copper can be used as a metal or an alloy such as brass and bronze. 
Metallic copper appears in electrical applications for construction, machinery and 
transportation. Also, it is an important constituent of white gold and newer alloys 
(nickel-tin, palladium) used for imitation jewelry. Copper sulfate can be used as 
agriculture, acting as fungicides and nutrimental supplements (Barceloux, 1999a). 
1.1.3.2 Nickel 
The majority of nickel production is used for the production of stainless 
steel, nickel alloys, and nickel cast iron that comprise objects such as coins and 
household utensils. Other uses for nickel compounds include electroplating 
4 
(carbonate, chloride and sulfate), nickel-cadmium alkaline batteries (hydroxide), dye 
mordant (ammonium chloride and acetate), catalyst (carbonate, cyanide and 
hydroxide) and electronic equipment (carbonates, ferrites) (Barceloux, 1999b). 
1.1.3.3 Zinc 
Metallic zinc provides a protective coating for other metals such as tin and 
iron (galvanization). Besides, zinc improves the structural durability of iron and steel 
alloys, and precipitates proteins which increase the value of zinc as a component of 
antiperspirants, styptics, astringents, and mind antiseptics. Zinc is a solubilizing 
agent in many drugs, including insulin. Zinc chloride is commonly used in soldering 
flux, dry battery cells, oil refining, dental cement and taxidermy. Zinc oxide can be 
found in pharmaceutical manufacturing, rubber formulation, vulcanizing agent, and 
white pigment (Barceloux, 1999c). 
1.1.4 Toxicity of heavy metals 
The pollution of water resources due to the indiscriminate disposal of 
heavy metals has been causing worldwide concern for the last few decades. It is well 
known that some heavy metals can have toxic or harmful effects on many forms of 
life. Heavy metals, which are significantly toxic to human beings and ecological 
environments, include chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), 
manganese (Mn), cadmium (Cd), nickel (Ni), zinc (Zn) and iron (Fe), etc. (Meena et 
a/., 2005). 
This problem has received considerable attention in recent years. One 
primary concern is that marine animals which can readily absorb those heavy metal 
ions in wastewater and directly enter the human food chains present a high risk to 
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consumers. 
Wastewater from many industries such as metallurgical, tannery, chemical 
manufacturing, mining and battery manufacturing industries contains one or more of 
these toxic heavy metal ions. Industries carry out operations like electroplating, 
metal/surface finishing and solid-state wafer processing, generating wastewater 
contaminated with hazardous heavy metal ions 
1.1.4.1 Copper 
Environmental contamination due to copper ion is caused by mining, 
printed circuits, metallurgical, fiber production, pipe corrosion and metal plating 
industries. The other major industries discharging copper ion in their effluents are 
paper and pulp, petroleum refining and wood preserving. Agricultural sources such 
as fertilizers, fungicidal sprays and animal wastes also lead to water pollution due to 
copper ion. Copper ion may be found as a contaminant in food, especially shell fish, 
liver, mushrooms, nuts and chocolates. Any packaging container using copper 
material may contaminate the product such as food, water and drink (Meena et al.’ 
2005). 
Copper ion has been reported to cause neurotoxicity commonly known as 
"Wilson's disease" due to deposition of copper ion in the lenticular nucleus of the 
brain and kidney failure (Banum, 1982). In some instances, exposure to copper ion 
has resulted in jaundice and enlarged liver. It is suspected to be responsible for one 
form of metal fume fever (Soffioti and Wagoner, 1976). Moreover, continued 
inhalation of copper ion-containing sprays is linked to an increase in lung cancer 
among exposed workers. Acute copper poisoning after ingestion may show systemic 
effects such as hemolysis, liver and kidney damage, and fewer with influenza 
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syndrome. Some other reported effects include irritation of upper respiratory tract, 
gastrointestinal disturbance with vomiting, and diarrhea and a form of contact 
dermatitis (Rengaraj et al” 2004). 
1.1.4.2 Nickel 
Electroplating is one important process involved in surface finishing and 
metal deposition for better life of articles and for decoration. Although several metals 
can be used for electroplating, nickel, copper, zinc and chromium are the most 
commonly used metals, the choice depending upon the specific requirement of the 
articles. During washing of the electroplating tanks, considerable amounts of the 
metal ions find their way into the effluent. Ni^^ is present in the effluents of silver 
refineries, electroplating, zinc base casting and storage battery industries. 
Higher concentration of nickel causes cancer of lungs, nose and bone. 
Dermatitis (Ni itch) is the most frequent effect of exposure to Np"^, such as those in 
coins and jewellery. Acute poisoning of Ni^^ causes headache, dizziness, nausea and 
vomiting, chest pain, tightness of the chest, dry cough and shortness of breath, rapid 
respiration, cyanosis and extreme weakness (Al-Asheh et al., 1997). 
1.1.4.3 Zinc 
Due to its remarkable resistant to atmospheric corrosion, zinc is commonly 
used to protect iron from rusting, in the process called galvanization. Zinc is widely 
used for the manufacturing of zinc white and several useful alloys such as brass, 
German silver, delta metal, for the preparation of gold and silver in the cyanide 
method, for the desilverization of lead in Parks process and as an anode material in 
galvanic cells (Parker, 1980). 
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Various zinc salts are used industrially in wood preservatives, catalysts, 
photographic paper, accelerators for rubber vulcanisation, ceramics, textiles, 
fertilizers, pigments, steel production and batteries (Meena et al., 2005). Zinc 
toxicity from excessive ingestion is uncommon but causes gastrointestinal distress 
and diarrhoea. 
1.1.5 Treatment techniques for metal ions 
In view of the toxicity and in order to meet regulatory safe discharge 
standards, it is essential to remove heavy metal ions from wastewaters/effluents 
before it is released into the environment. Conventional methods for the removal of 
heavy metal ions include precipitation, coagulation or flocculation, ion exchange, 
reverse osmosis, complexation/ sequestration, electrochemical operation and 
biological treatment (Perisamy and Namaasivayam, 1996). Some of the methods 
would be discussed in the following parts. Application of above-mentioned methods 
becomes economically unviable for the removal of heavy metals at lower 
concentrations. Moreover, their applications are limited by economic and/or 
technological reasons, including operation cost, fouling of components and 
non-selective metal ions recovery. Since then, adsorptive treatment (adsorption) 
using non-conventional adsorbents, such as agricultural and industrial solid wastes, 
have been used for the removal of heavy metal ions (Perisamy et al., 1996). 
In recent years, research interest has increased in terms of the production of 
newly developed low-cost alternatives to ion exchange resins and activated carbons, 
which remain expensive materials in spite of their prolific use. The application of 
low-cost adsorbents including carbonaceous materials, agricultural by-products and 
waste products has been investigated. Most of them have shown that natural products 
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can be used as good adsorbents for heavy metals (Fourest et al., 1992; Ho 2003; Ho 
2005). 
The major interesting features of newly developed adsorbents are high 
versatility, abundant, cheap, high sorption efficiency, readily available residues, 
metal selectivity, no concentration dependence, high tolerance for organics and 
regeneration. These properties coupled with high uptakes and rapid kinetics of the 
sorption system allowed engineering of new and highly effective yet simple 
industrial adsorbents for heavy metal ion removal processes (Babel and Kurnuawan, 
2003). 
1.1.5.1 Chemical precipitation 
Among most of physicochemical methods to remove heavy metal ions 
from electroplating effluent, chemical precipitation is the most commonly used 
technique to remove metals as hydroxides. For this method, the dissolved heavy 
metal ions react with added precipitants to form insoluble compounds, which can be 
further separated from the solution by sedimentation. In general, heavy metal ions 
tend to be present in ionic form at low pH level, while they tend to precipitate when 
pH is raised. Heavy metal ions can be precipitated as insoluble hydroxides, sulphides 
and carbonates. This method is simple and low cost. The precipitation of metal 
sulphides has been proven to be very effective (Sze et al, 1996; Bradl and Xendis, 
2005). 
However, large amount of metal ion-laded sludge is produced, which is 
difficult to dispose. Also, the effluent produced still contains metal ions at the mg/L 
level, which may exceed the standard level o f W P C O (Sze et aL, 1996; Lau, 2000). 
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1.1.5.2 Ion exchange 
Ion exchangers are also commonly used for the removal of heavy metal 
ions, especially when dealing with wastewater from the metal processing industry. 
Cyanide, copper, nickel and cadmium ions are the compounds usually found in 
effluent of electroplating. The ion exchange process used for removal metals consists 
of passing the water successively under a counter-current rinse process, over a solid 
cation exchanger, which replace cations by hydrogen ion (H+). For regeneration, 
acids such as HCl and H2SO4 and alkaline solution (NaOH) are used. There is no 
need for adding further chemical compounds in the substance cycle, preventing 
wastewater generation and additional salt concentration in the residual wastewater 
(Bradl and Xenidis, 2005). 
There are some disadvantages of using resin that it is not resistant to 
thermal and osmotic shock and could be subjected to oxidation by chemicals. 
Chemical degradation and organic fouling would occur. Also, the metal ions removal 
capacity of resins could be affected by the presence of other metal ions such as 
magnesium and calcium ion (Sze, et al., 1996; Lau, 2000). It would be expensive and 
impractical at low metal ion concentration. 
1.1.5.3 Activated carbon adsorption 
Since its first introduction for heavy metal ion removal, activated carbon 
has undoubtedly been the most popular and widely used adsorbent in wastewater 
treatment applications throughout the world. In spite of its prolific use, activated 
carbon remains an expensive material since higher the quality of activated carbon, 
the greater its cost. Activated carbon also requires complexing agents to improve its 
removal performance for inorganic matters. Therefore, this situation makes it no 
longer attractive to be widely used in small-scale industries because of cost 
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inefficiency (Babel and Kumuawan, 2003). 
In addition, this process is ineffective at low metal ion concentrations and 
non-selective. Both regeneration and activated processes of carbon, which would 
cause reduction of its uptake capacity by approximately 15%, must be performed 
after each adsorption cycle (Deans and Dixon, 1992). 
Owing to the above mentioned economic and/or technological constraints 
of these conventional methods, a comparatively promising and cost-effective 
alternative method, biosorption or adsorption by natural materials, is introduced. 
1.2 Biosorption 
1.2.1 Definition of biosorption 
The concept of biosorption was first used in 1949 by Ruchhoft who tried to 
remove ^^^Pu from water by activated sludge (Volesky, 1990). Biosorption can be 
defined as an adsorption process in which contaminants are removed from aqueous 
effluents by biological material. The process is independent from the metabolic 
activity (Volesky, 1990). It is merely the passive adsorption between the 
contaminants and the cell surface held by physical and/or chemical bonding. The 
active uptake of contaminants by biomass is not considered as biosorption and is 
better termed as bioaccumulation (Volesky, 1990). There are two substances involve 
in the biosorption process: they included the biosorbate and the biosorbent. 
Biosorbates, like the metal ions used in this research, are the substances being 
adsorbed. While for the biosorbent, like chitin A to be used, is the biological solid 
material that act as the adsorbing phase. 
11 
1.2.2 Mechanism 
Most of the studies have focused on the removal of metal ions by 
biosorption (Fernandez et al., 1995). The mechanism of metal ion removal is mainly 
due to the ionic interaction and complexation between the positively charged metal 
ions and particular negatively charged functional groups on the cell walls. Thus, for 
the removal of metal ions, biosorbents can be viewed as natural ion-exchange 
materials. In addition, metal ion biosorption is a function of solution pH (Volesky, 
1990). Higher pH favors metal ion binding, as more acidic functional groups on the 
cell surface are deprotonated and become negatively charged groups (Volesky, 1990). 
On the other hand, lower pH could be used for desorption of metal ions as hydrogen 
ions can displace adsorbed metal ions, thus regeneration of biosorbent could be 
achieved by simple acid wash (Holan et al., 1993). 
There are far less studies on biosorption of organic compounds than those 
on biosorption of metal ions (Fernandez et al., 1995). The mechanisms involved in 
the biosorption of organic compounds are more complex and depend on the nature of 
organic compounds and biosorbent. The mechanisms might include one or 
combinations of the following: ionic interactions, hydrogen bonding, hydrophobic 
bonding, van der Waals force and covalent bondings (Brahimi-Hom et al., 1992; 
Polman and Breckenridge, 1996). Of particular interest were those interactions 
featured by both extensive adsorption and easy desorption. The interactions most 
likely to be successful are ionic binding of organic compounds to biomass and 
subsequent desorption by alteration of the ionic strength of the binding solvent, and 
hydrophobic binding of organic compounds to biomass and subsequent desorption 
using organic solvents and surfactants (Polman and Breckenridge, 1996). 
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1.2.3 Advantages of biosorption 
Biosorption is a commonly used technology in recent years due to its 
several advantages. Most biosorbents show high efficiency in removing many kinds 
of pollutants in a rapid rate (Jacobsen et aL, 1996; Brandt et al., 1997). Also, 
biosorption is a cost-effective process as the cost of the biosorbent is low, and it has 
high recovery efficiency that the biosorbent can be reused. Moreover, due to the 
biological origin, the biosorbent is non-toxic and biodegradable (Chan, 2002), so it 
can be biodegraded naturally, and cause no harm to the environment. The utilization 
of dead biomass would be particularly advantageous, since it does not require 
nutrients supply for cell growth and maintenance and may be used in hostile 
environments. Hence, biosorption is a cost-effective "end-of-pipe" solution to the 
effluent discharges (Bousher et al., 1997). Lastly, biosorption can be applied to 
prevent further spreading of pollutants, or to filter or pre-concentrate the pollutant for 
further treatment (e.g. P C O degradation). 
As shown in Table 1.4, using biosorption for metal ion removal offers 
benefits over the conventional physicochemical methods. Metal ion biosorption is an 
efficient process because most biosorbents show a remarkable uptake capacity for the 
metal ion of choice, especially at concentrations of metal ions range from 1 to 100 
mg/L (Kapoor and Viraraghavan, 1995). Therefore, reducing the concentrations of 
toxic metal ions to an environmentally acceptable limit can be achieved. Moreover, 
unlike the processes of chemical precipitation and ion exchange, toxic sludge will not 
be generated during biosorption process. In most cases, the metal ions loaded on the 
biosorbents can be recovered by dilute acid, hence precious metal ions can be 
recovered and the regenerated biosorbents can be used again (Volesky, 1990; Kapoor 
and Viraraghavan, 1995). 
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Table 1.4. Characterization of metal ion removal and recovery technologies 
(Kuyucak, 1990; Kapoor and Viraraghavan, 1995). 
Technology Properties of technology 
Concentration pH Concentration Regeneration Sludge 
dependent adjustment of effluent generation 
(mg/L) 
Biosorption Yes Yes < 1 Yes No 
Chemical No No 2-5 No Yes 
precipitation 
Activated Yes Some 1-5 Yes No 
carbon 
adsorption 
Ion exchange Yes Some < 1 Yes Yes 
Evaporation Yes Yes 1-5 No No 
Reverse No Some 1-5 Yes No 
osmosis 
Table 1.5. Cost comparison of various adsorbents (Babel and Kumuawan, 2003). 
Adsorbents Price (US$/kg) 
Naturally abundant biosorbent (e.g. peat moss) 0.023 
Natural oxides (e.g. manganese oxide) 0.05 
Clay 0.04-0.12 
Zeolites 0.03-0.12 
Spheroidal cellulose 1.07 
Chitosan 15.43 
Chitin A 17.58 
Activated carbon 20-22 
Ion exchange resin 90-100 
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It is well documented that metal ion biosorption is not only an efficient 
process, but also a cost-effective process. As can be seen from Table 1.5, the 
production cost of biosorbents is comparatively much lower than that of activated 
carbon and ion exchange resins. It is because biosorbents can be obtained directly 
from the abundant biological materials found in nature or as a by-product from large-
scale fermentation industries. Furthermore, they can be also obtained by cultivation 
since the production costs are relatively low when compared with other adsorbents 
(Kuyucak, 1990; Kapoor and Viraraghavan, 1995; Chu et al., 1997; Babel and 
Kumuawan, 2003). 
1.2.4 Selection of biosorbents 
Virtually all biological material exhibits biosorptive ability (Dohertya and 
Edyvean, 1996). So far, numerous biological materials have been screened for the 
removal of particular organic and inorganic contaminants. Certainly, the removal 
capacity of the biosorbent is the primary criterion in choosing a potential biosorbent. 
Besides, a good biosorbent should meet the following criteria (Muraleedharan et al., 
1991): 
• It should be low cost and reusable 
• The uptake of contaminants should be efficient and rapid 
• It should be resistant to a range of operating conditions，e.g. pH, 
temperature and concentration of contaminants 
• It should have a particle size, shape and mechanical strength suitable 
for use in bioreactors under continuous conditions 
• Separation of the biosorbent from the solution be easy, rapid, efficient 
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and cheap 
• Regeneration should be economically feasible 
Both living and dead biomass can be used as biosorbents. Earlier studies in 
the field of biosorption focused on the use of a range of living microorganisms, 
including bacteria, fungi and algae, as biosorbent materials. However, the use of dead 
biomass seems to be a preferable alternative due to the following advantages (Brady 
et al, 1994): 
• No toxicity limitations 
• No requirements of growth media and nutrients in the feed solution 
• No concern over the disposal of metabolic products or surplus 
nutrients 
• Much simpler process control 
• Biomass can be regenerated by suitable elutant 
• Raw biomass can be obtained from the industrial fermentation 
industries 
• Biomass can be pretreated to enhance the metal biosorptive capacity 
• The biomass can be stored for a period of time 
Therefore, in order to make biosorption process more economically 
competitive, recent studies have focused upon non-living biosorbents, particularly 
low-cost and even waste materials (Williams et al., 1998). Biomass, which is 
abundant in nature, such as seaweed, can be obtained at low cost. Besides, biomass 
can be supplied as a byproduct of a large-scale fermentation process, e.g., commodity 
biochemicals, enzymes production and pharmaceuticals productions. 
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1.3 Chitinous materials 
1.3.1 Background of chitin 
Chitin was firstly described by Mr. Braconnot in 1811 who was a professor 
of Natural History, Director of the Botanical Garden and member of the Academy of 
Sciences of Nancy, France (Muzzarelli, 1977). He isolated an alkali-resistant fraction 
from a mushroom, Agaricus volvaceus and other mushrooms with diluted warm 
alkali. Then he named this fraction as "fungine". After a series of experiments, he 
discovered this "fungine" was quite unique among the plants and it seemed to 
contain more nitrogen than wood (Muzzarelli, 1977; George and Martin, 2000; Tsui, 
2000). After 12 years, Mr. Odier discovered an insoluble substance from insect 
exoskeleton (Muzzarelli, 1977). He called this substance as "chitin", and he 
suggested that it was the basic material of exoskeletons of all insects. The chitin was 
not well recognized until 1878 that Mr. Ledderhose clearly established the hydrolysis 
equation of chitin from glucosamine and acetic acid (Muzzarelli, 1977; Tsui, 2000). 
1.3.2 Structures of chitinous materials 
Chitinous materials can be divided into few groups, chitin A, chitin B and 
chitin C (chitosan). Chitin A (Figure 1.1), poly-P-(l—4)-N-acetyl-D-glucosamine, 
are polysaccharides or polymers: long chains of smaller sugar molecules strung 
together. Sometimes, more than 5,000 of these smaller molecules can be found in one 
large chitin molecule. In nature, chitin serves as the "glue" for the chemical 
component that makes up the delicate wings of insects and the cmnchy coats of 
crustaceans. Most prominent in crustacean shells, chitin A occurs in a matrix with 
calcium carbonates and protein. These shells contain 14 to 35% chitin A by dry 
weight, depending upon the species source (George & Martin, 2000). The chemical 
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structure of Chitin B is the same as chitin A. The impurity of chitin B is much lower 
than chitin A. Moreover, the percentage of pure of chitin content increases to around 
93%. 
The amide group is fairly reactive which allows chitin to be easily 
derivatized. By removing the acetyl functional group (-COCH3) from the amino 
groups (-NH-), chitin C (also called chitosan or glucosamine) can be obtained. 
Chitin C (Figure 1.2) is a linear polymer of acetylamino-D-glucose and contains high 
contents of amino (-NH2) and hydroxyl (—OH) functional groups. The amino and 
hydroxyl groups can serve as coordination and electrostatic interaction sites, 
respectively. Chitin C has many useful features such as hydrophilicity, 
biobiocompatibility, biodegradability, and anti-bacterial property (Wu et al., 2001). 
1.3.3 Sources of chitinous materials 
Chitin A is second only to cellulose in terms of abundance in nature. It is a 
cellulose polymer present in fungal cell walls and exoskeletons of arthropods such as 
insects, crabs, shrimps, and lobsters and in the cell walls of some fungi. Crustacean 
shell waste consists mainly of 30-40% protein, 30-50% calcium carbonate, and 
20-30% chitin (Johnson and Peniston, 1982). These proportions vary with species 
and with season. Therefore, chitin can be obtained from seafood processing waste of 
crustacean, mainly from shrimp, crab and shellfish, or from cultivation of fungi 
(Chan, 2002). 
Chitin C is found naturally in some fungal cell walls, yet currently, the bulk 
of chitin C produced today is obtained by the chemical deactylation of chitin A from 
shellfish waste and requires a multi-step process. 
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Figure 1.1 The chemical structure of chitin A (Extracted from Chan, 2002) 
C H 2 O H C H 2 O H 
y 一 〇 > _ 〇 
…。h/H \ 卜。 h / H 、卜… 
0 " - ^ \ 〇 H \\卜 O wjw 
H NH2 H NH2 
Figure 1.2 The chemical structure of chitin C (Extracted from Chan, 2002) 
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To obtain chitin A, chitin B and chitin C from the crustacean shells, the 
extraction process was followed as shown in Figure 1.3. Firstly, the crustacean shell 
is washed to remove any attach and residue. The waste material is then ground, 
extracted with sodium hydroxide, centrifuged, and washed to recover the associated 
proteinaceous material. The material remaining after deproteinization is then 
demineralized with 0.6N HCL By filtering and washing the acid-treated material, 
crude chitin is recovered from the waste material and the crude chitin is then 
deacetylated with 50% N a O H at 100。C for 4 h. It is estimated that more than 40,000 
tons of chitin A could be produced annually (Berkeley, 1979). The chitin C formed 
by this method has a highly variable acetyl content ranging from almost 0 % to 50% 
(Foster and Webber, 1960). This variability in acetyl content is most likely due to 
variable conditions used to hydrolyze chitin A. It has been shown that many factors 
such as alkali concentration, reaction temperatures and time, and presence or absence 
of oxygen will affect the extent of deacetylation. 
1.3.4 Application of chitinous materials 
During the past few decades, chitinous materials have attracted significant 
interest in view of varied proposed novel applications. Chitin A and chitin C has 
potential applications as thickening, flocculating, absorbing, clarifying, coating and 
structuring agents in the agricultural, pharmaceutical, cosmetic, food and textile 
industries as well as in water and waste treatment (Chandrkrachang et al, 1991). 
Nevertheless, the current major application is the industrial wastewater 
treatment (Ganjidoust et al, 1996; Dantas et al., 2001). Chitinous materials can 
adsorb metal ions like Cu^ "^ , Pb^^ and Hg2+，as well as organic compounds such as 
protein, dye and organochlorinated compounds (Chui et al., 1996; Yoshida and 
Takemori, 1997; Tsui, 2000; W u et al, 2001). In addition, it was reported that chitin 
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Crustacean shell 
Washing and drying 
Size reduction 
Deproteination (by dilute NaOH) 
Washing 
Demineralization (by dilute HCl) 
Washing and drying 
i 
Chitin A/Chitin B 
Deacetylation (by concentrated NaOH) 
山 
Washing and drying 
i 
Chitin C 
Figure 1.3 The flow diagram of the production process of chitin A，chitin B and 
chitin C. 
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C chelates five to six times greater amounts of metals than chitin A due to the free 
amino groups exposed during deacetylation (Bailey et al., 1999). The application of 
chitin, chitosan and their derivatives is summarized in Table 1.6. 
1.3.5 Mechanism of metal ion adsorption by chitin 
The formation of a coordination complex between the metal ion and chitin 
is mainly due to the presence of amino and hydroxyl groups in these polymer chains. 
These donor groups are capable of combining with a metal ion by donating a lone 
pair of electrons, thus forming dative coordination bonds (Inoue et al., 1999; 
Minamisawa et al, 1999). Evidences supported that the formation of metal ion 
chelates would establish by chelating the metal ion with two or more ligands from 
the same molecules. Usually chitin or chitosan to form a chelate requires either the 
involvement of - O H or -O" groups on the A^-acetyl-D-glucosamine or 
D-glucosamine residues as ligands, or else two or more -NH2 or -NHCOCH3 groups 
from one chain binding to the same metal ion as indicated in Figure 1.4 (Inoue et al., 
1993). 
In fact, the ligands involved for the formation of metal ion chelate are 
dependent on the properties of target metal ions, solution pH and the availability of 
ligands' electrons (George, 1992). 
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Table 1.6. Application of chitin, chitosan and their derivatives (Thome et al.’ 
1997). 
Application area Specific use 
Water treatment Coagulating / flocculating agents for 
polluted wastewaters 
Removal / recovery of metal ions from 
aqueous wastewaters 
Filtration of membranes 
Desalination 
Agriculture Plant elicitor 
Antimicrobial agent 
Plant seed coating 
Hydroponic fertilizer 
Textile and paper Fibers for textile and woven fabrics 
Paper and film 
Biotechnology Chromatography packing 
Enzyme immobilizing materials 
Food / Health supplements Natural thickeners 
Food additives including pet food 
Food processing (e.g. in sugar refining) 
Filtration and clarification 
Hypocholesterolemic agent (slimming 
agents) 
Biodegradable packaging 
Cosmetic Ingredients for hair and skin care 
(conditioners) 
Biomedical Burns and wounds dressings for humans 
and animals 
Biomaterial (e.g. absorbable sutures) 
Anticoagulant or antithrombogenic 
materials (as sulfated-chitin derivatives) 
Hemostatic agents (as chitosan) 
Drug delivery, gene delivery 
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where X = COCH3 for chitin 
Figure 1.4. Possible chelation complex of metal ion with chitin (Inoue et al, 1993). 
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1.4 Activated carbon 
1.4.1 Characteristics of activated carbon 
Activated carbon is an amorphous form of carbon. This means that it has 
no regular atomic structure, unlike the other forms (allotropes) of elemental carbon: 
diamond, graphite, fullerenes or nanotubes. About the process of activated carbon, 
charcoal is first obtained by burning wood, nutshells, coconut husks, animal bones, 
and/or other carbonaceous (carbon-containing) materials. Charcoal becomes 
activated by heating it with steam to approximately 1,000°C in the absence of oxygen 
(O2). This treatment removes residual non-carbon elements and produces a porous 
internal microstructure having an extremely high surface area. 
Activated carbon is also a carbonaceous adsorbent with a high internal 
porosity, and hence a large internal surface area. Commercial activated carbon grades 
have an internal surface area of 500 up to 1,500 m^/g. Related to the type of 
application, two major product groups exist: 
• Powdered activated carbon; particle size 1-150 |am 
• Granular activated carbon (granulated or extruded), particle size in the 
0.5-4 m m range 
A proper activated carbon has a number of unique characteristics: a large 
internal surface area, dedicated (surface) chemical properties and good accessibility 
of internal pores. According to lUPAC definitions three groups of pores are 
distinguished: 
• Macropores (above 50 nm diameter) 
• Mesopores (2-50 nm diameter) 
• Micropores (under 2 nm diameter) 
The chemical nature of amorphous carbon, combined with a high surface 
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area and porosity, makes A C an ideal medium for the adsorption and absorption of 
organic chemicals. 
1.4.2 Applications of activated carbon 
Activated carbon has many applications, one of which is used as an 
efficient and versatile adsorbent for purification of water, air and many chemical and 
natural products. This is possible due to the highly porous nature of the solid and its 
extremely large surface area to volume ratio. Much of this surface area is contained 
in micropores and mesopores. Currently, activated carbon has been an effective 
adsorbent for dye removal (Wang, 2005). 
A C is also the common factor in hundreds of different applications. Just a 
grab from the numerous applications: decolourisation of sugar and sweeteners, 
drinking water treatment, gold recovery, production of pharmaceuticals and fine 
chemicals, catalytic processes, off gas treatment of waste incinerators, automotive 
vapour filters, colour/odour correction in wines and fruit juices, additive in liquorice, 
etc. 
In its numerous applications, A C represents a number of different 
functionalities: 
• Adsorption: the most well-known mechanism, through physical 
adsorption (van der Waals forces) or chemisorption 
• Reduction: e.g. removal of chlorine from water is based on chemical 
reduction reactions 
• Catalysis: activated carbon can catalyse a number of chemical 
conversions, or can be a carrier of catalytic agents (e.g. precious 
metals) 
• Carrier of biomass: support material in biological filters 
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• Carrier of chemicals: e.g. slow release applications colourant: 
activated carbon's function in liquorice is its colour 
In addition, A C can remove organic materials from gas streams or 
solutions. The amount of material removed depends on the capacity of the activated 
carbon as well as the affinity of the material for the carbon. Typical uses are to 
remove odors and volatile organic compounds (VOC's). 
Laboratory chemists often use A C to remove colored impurities from crude 
organic reaction products. Typically, one dissolves the material in a solvent (if it is 
not already a liquid), adds AC, and then filters the mixture to remove the carbon. 
This technique works well for colorless or lightly colored materials; in general, 
colored impurities tend to have molecular structures that make them bind 
preferentially to the AC. 
A C impregnated with other materials are also effective industrial and 
laboratory catalysts for chemical reactions. For example, vegetable oils may be 
hydrogenated by exposing them to a hydrogen atmosphere in the presence of a 
carbon-supported palladium catalyst. 
1.4.3 Factors affecting adsorption ability of activated carbon 
The adsorption capacity of a certain A C is known to be a function of 
porous structure, chemical nature of the surface, and pH of the aqueous solution 
(Wang, 2005). In addition, the adsorption process is influenced by the nature of the 
adsorbate and its substituent groups. The presence and concentration of surface 
functional groups plays an important role in the adsorption capacity and the removal 
mechanism of the adsorbates. It is also known that acid treatment can modify the 
carbon physical and chemical properties, influencing their adsorption behaviour 
(Wang, 2005). 
27 
1.4.4 Advantages and Disadvantages 
Before deciding whether A C adsorption/regeneration meets the needs of a 
municipality, it is important to understand the advantages and disadvantages of both 
the adsorption and regeneration process. 
1.4.4.1 Advantages (Adsorption) 
• For wastewater flows which contain a significant quantity of 
industrial flow, A C adsorption is a proven, reliable technology to 
remove dissolved organics. 
• Space requirements are low. 
• A C adsorption can be easily incorporated into an existing wastewater 
treatment facility. 
1.4.4.2 Advantages (Regerneration) 
• Systems are reliable from a process standpoint. 
• Reduces solid waste handling problems caused by the disposal of 
spent carbon. 
• Saves up to 50 percent of the carbon cost. 
1.4.4.3 Disadvantages (Adsorption) 
• Under certain conditions, granular carbon beds may generate 
hydrogen sulfide from bacterial growth, creating odors and corrosion 
problems. 
• Spent carbon, if not regenerated, may present a land disposal problem. 
• Wet A C is highly corrosive and abrasive. 
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• Requires pretreated wastewater with low suspended solids 
concentration. Variations in pH, temperature, and flow rate may also 
adversely affect A C adsorption. 
1.4.4.4 Disadvantages (Regeneration) 
• Air emissions from the furnace contain volatiles stripped from the 
carbon. Carbon monoxide is formed as a result of incomplete 
combustion. Therefore, afterburners and scrubbers are usually needed 
to treat exhaust gases. 
• The induced draft fan of a multiple hearth furnace may produce a 
noise problem. 
• The process is most effective when operated on a 24-hour basis, 
requiring around-the-clock operator attention. 
• The process is subject to more mechanical failures than other 
wastewater treatment processes. 
1.5 Cation exchange resin 
1.5.1 Usages of cation exchange resin 
Ion exchange resins have been developed as a major option for treating 
wastewaters over the past few decades. Selective resins reduce the residual 
concentration of heavy metal ion to below the maximum limits (Singh et al., 1998; 
Zagorodni et al, 1999). The influence of complex formation on ion exchange 
sorption equilibrium and on the distribution of metal ions between the liquid and 
resin phases has been extensively studied. Many studies on the adsorption of metal 
ions onto ion exchange resins such as Dowex A-1, Duolite GT-73, and NKA-9 have 
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been reported (Demirbas et al., 2005). 
1.5.2 Characteristics of cation exchange resin 
In the present study, synthetic resin Amberlite IR-120 is used as a cation 
exchange resin for metal ion removal. The characteristics and physical properties of 
Amberlite IR-120 cation exchange resin are summarized in Table 1.7. 
1.5.3 Disadvantages of using cation exchange resin 
Although the metal ion removal capacity of ion exchange resin is usually 
very high, they are often much more expensive than other adsorbents. Moreover, ion 
exchange resin is almost totally ineffective in the presence of large quantities of 
competing monovalent and divalent ions such as sodium and calcium (Kuyucak, 
1990). Furthermore, resins are not resistant to thermal and osmotic shock and are 
only more predictable for a given metal ion as they are synthesized to have only one 
metal functional group (Deans and Dixon, 1992). 
Table 1.7. Properties of Amberlite IR-120 
Type Gel strong acid cation exchange resin 
Moisture -45% 
Matrix Styrene-divinylbenzene copolymer 
Active group Sulfonic acid (-SO3H) 
Standard mesh size (wet) 16-45 mesh 
Mean particle size (mm) 0.5 
Operating pH 0-14 
Capacity 1.9 meq/mL by wetted bed volume 
4.4 meq/g by dry weight 
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1.6 Magnetite 
1.6.1 Reasons of using magnetite 
Chitin is a good adsorbent as mentioned before. However, the separation of 
adsorbate-bounded chitin after adsorption by traditional methods such as 
centrifugation and filtration are expensive, time-consuming and large space required 
(Safafikova et al, 2005). Therefore, magnetite is used to coat with chitin A to 
provide a magnetic property. Then, the magnetite-immobilized chitin can be 
separated by magnetic separation with an aid of a magnet. As a result, it is introduced 
in this study to overcome the costly separation problem. 
1.6.2 Characteristics of magnetite 
Magnetite is a common mineral found as an accessory in most igneous, 
metamorphic and sedimentary rock (Akai et al., 1991). Magnetite also occurs in 
unconsolidated deep-sea sediments. Some bacteria and invertebrates also process the 
ability to form biogenic magnetite intracellularly (Sakaguchi et al, 1993). It can also 
be synthesized by some artificial methods (Abreu et al, 1987; Sada et al, 1990). For 
example, it can be synthesized by heating iron(III) hydroxoacetate at temperature 
above 250°C under nitrogen. Moreover, magnetite is of fundamental importance in 
the water chemistry of power stations. It is responsible for the oxide later passivation 
of carbon steel, without it, this material would be unsuitable for steam generation 
(Bohnsack, 1987) 
Magnetite is a ferromagnetic iron oxide, co-polymer of the hydroxides of 
Fe3+ and Fe^ ,^ which can be magnetically removed from solution. Magnetites (Fe304) 
are fine magnetic particles in jim size. The isoelectric point (lEP) of magnetite is 6.5 
(Gregory et al., 1988). The surfaces are charged when existed in aqueous solution. 
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The properties of magnetite are summarized in Table 1.8. Owing to the magnetic 
properties of magnetite, it has been employed in drinking water and wastewater 
treatment to remove organic compounds (Sakai et al, 1997), bacteria (Honda et al, 
1999) and heavy metal ions (Katsumata et al, 2003). 
Magnetite has been used in precipitation, adsorption and coagulation 
treatment schemes. Some examples of this technology are the use of magnetite 
coated ferrihydrite to remove Cr^ ^ and Zn^ "^ , magnetic zeolites to remove Cr^ ,^ Cu^ "^  
and Zn2+ from aqueous solution and maghemite nanoparticles for the removal and 
recovery of Cr6+ from wastewater. 
Table 1.8. Properties of magnetite 
Properties 
Molecular weight 231.53 
Assay 98% 
Form Powder 
Particle size < 5 |am 
Melting point 1,538。C 
Density 4.5-5.1 g/mL at 25°C 
1.6.3 Immobilization by magnetite 
Many studied have shown that bacterial cells immobilized on magnetite 
can be applied for removal and recovery of useful substances from wastewater 
(MacRae and Evans, 1983). High removal and high efficiency of Cu^ "^  by 
magnetite-immobilized bacterial cells of Pseudomonas putida 5-x was obtained by 
Sze et al. (1996). In addition, the cells of Enterobacter sp. 4-2 immobilized on 
magnetite gave high removal and recovery of Ni (Wong and Fung, 1997). 
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1.6.4 Advantages of using magnetite 
Magnetite-immobilized chitin is easily separated from reaction mixture via 
an external magnetic field. If only powder chitin was used, plenty of time would be 
required for sedimentation. As a result, it has a better capability of reusing the 
biosorbent. Also, it prevents clogging in continuous-flow system. In addition, powder 
forms of magnetite-immobilized chitin provide a larger surface area and higher 
active surface sites. 
Plate 1.1 showed the effectiveness of using a magnet to settle the 
magnetite-immobilized chitin at the bottom of a bottle within a short period of time. 
• 
Plate 1.1. Separation of magnetite-immobilized chitin by a magnet. 
1.7 The biosorption experiment 
1.7.1 The batch biosorption experiment 
The batch biosorption experiment was used to perform the experiment in 
the present study. Batch biosorption means to allow known amount of biosorbent to 
contact with fixed volume and known concentration of target contaminant under 
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selected experimental conditions (Chan, 2002). The experimental conditions studied 
include the effect of pH, retention time, agitation rate, adsorbent concentration, initial 
metal ion concentration and temperature. 
1.7.2 The adsorption isotherms 
In order to compare the removal ability of different adsorbents as well as to 
know the adsorption phenomenon, mathematical models could be employed. The 
models are requisite to compare the capability and selectivity among different 
adsorbents, which is derived from the adsorption isotherm. The adsorption isotherm 
is performed by varying the initial adsorbate concentrations under the constant 
temperature. Two commonly used monolayer adsorption models, Langmuir and 
Freundlich adsorption isotherms are usually employed (Mollah and Robinson, 1996; 
You and Liu, 1996; Aksu, 1998; Ning et al., 1999; Tsui, 2000; An et al., 2001). 
1.7.2.1 The Langmuir adsorption isotherm 
The Langmuir isotherm can be derived by assuming that only monolayer 
adsorption on a surface containing a finite number of identical sites. And it also 
assumes uniform energies of adsorption over the surface of adsorbents (so-called 
homogeneous), no transmigration of adsorbate in the plane of the surface, and no 
interaction between the adsorbed molecules (Scott and Karanjkar, 1995; Mollah and 
Robinson, 1996; You and Liu, 1996). 
The Langmuir isotherm was developed based on the several assumptions 
(Volesky, 1990): 
- The adsorbent surface consists of adsorption sites; 
- All adsorbed species interact only with one adsorption site; 
- Adsorption is limited to a monolayer; 
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- The adsorbed molecules do not migrate on the surface of the 
adsorbent; 
- Adsorption energy of all sites is identical and independent of the 
presence of adsorbed species on the neighboring sites. 
The empirical form of the Langmuir isotherm is shown below (Aksu et al., 
1999): 
qe = bCeqmax/(l + b Cg) 
The equation can be transformed to a linear form: 
Ce/qe = Ce/qmax + l/(qmax b) 
where qe = removal capacity (mg/g) 
Ce = equilibrium concentration of DEHP (mg/L) 
qmax = maximum adsorption capacity (mg/g) 
b = affinity constant (L/mg) 
After the data is obtained, a graph of Ce/qe was plotted against Ce to give a 
straight line with a slope of 1/qmax and a y-intercept of l/bqmax- Therefore, the two 
Langmuir constants, qmax and b, can be obtained and used to compare the removal 
abilities of the biosorbents. Thus these adsorption constants can be used to compare 
the adsorption behavior in different sorbate-sorbent systems (Viraraghavan and 
Slough, 1999). 
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1.7.2.2 The Freundlich adsorption isotherm 
The Freundlich model has been widely adopted to characterize a 
single-solute adsorption of organic pollutants from water (Scott and Karanjkar, 1995; 
Mollah and Robinson, 1996; Brandt et al, 1997; Jianlong et al., 2000). The 
applicability of empirical Freundlich equation is considered valid for heterogeneous 
surface character of adsorbents. By means of the adsorbents are expected to have 
heterogeneous energies for adsorbing adsorbates. Therefore the energy varies as a 
function of the surface coverage, and as a result of variation in the heat of adsorption 
(Scott and Karanjkar, 1995; Viraraghavan and Slough, 1999; Jianlong et al, 2000; 
Tsui, 2000). 
The assumptions of Freundlich isotherm are the same as Langmuir 
isotherm except (Aksu et cd., 1999): 
- The adsorption is on a heterogeneous surface; 
- The adsorption sites have heterogeneous energies for the sorbate. 
The empirical form of Freundlich adsorption isotherm is (Sag et al., 2000): 
The equation can also be transformed into a linear form and is shown 
below (Sag et <3/., 2000): 
In qe = In k + 1/n In Cg 
where qe = removal capacity (mg/g) 
Ce = equilibrium concentration D E H P (mg/L) 
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k = adsorbent capacity 
Mn = adsorption intensity 
A graph of In qe was plotted against In Ce to give a straight line with a 
slope of Mn and a y-intercept of In k after data is collected from experiment. 
Therefore, the two Freundlich constants, Mn and k can be obtained. The magnitude of 
n indicates the system suitability, with values of n>\ representing favorable 
adsorption conditions; whereas k is related to the capacity of adsorbent for the 
adsorbate (Scott and Karanjkar, 1995; Tsui 2000). 
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2. Objectives 
In the present study, magnetite-immobilized chitin A was applied for the 
investigation on the removal and recovery of metal ions (Cu2+, Ni^^ and Zn^^) from 
aqueous solution. At the same time, conventional adsorbents such as activated carbon 
and cation exchange resin will be used as references for the comparison. 
For coating the chitin A with magnetite, the physicochemical parameters 
such as pH, magnetite to chitin ratio, reaction time, agitation, temperature and 
salinity will be studied for the production of magnetite-immobilized chitin A. 
For metal ion adsorption part, the physicochemical parameters including 
equilibrium pH, concentration of adsorbent, retention time, temperature, agitation 
rate and initial concentration of metal ions will be optimized to yield high removal 
efficiency. The Langmuir and Freundlich equations were applied to study the 
equilibrium isotherm. The kinetic and thermodynamic parameters were also 
determined to examine the nature of adsorption process in this system. 
Since adsorption is only a pre-concentration step rather than a destruction 
method, it cannot be a complete treatment method for metal ions in wastewater. Thus, 
the recovery of metal ions from the magnetite-immobilized chitin A for reuse will be 
studied. Finally, the multiple adsorption and desorption cycles will be performed to 
determine the reusability of magnetite-immobilized chitin A for producing a 
cost-effective treatment method for metal ions removal. 
38 
3. Materials and methods 
3.1 Adsorbents 
3.1.1 Chitin A 
The biosorbent, chitin A (crude chitin), was purchased from International 
Chitin Production Inc. (ICPI, Vancouver, Canada) (Plate 3.1). They were obtained 
from the shells of pink shrimp (Penaeus japonicus) collected from shrimp meat 
canning industry after undergoing a serial of treatments. 
3.1.2 Pretreatment of chitin A 
Chitin A was pretreated before used by washing with Milli-Q ultrapure 
water (Millipore, Bedford, UK) in a ratio of 1:15 (w/v) for 1 h at 200 rpm by an 
orbital shaker (Lab-line 4628-1, Melrose Park, USA) and then collected by 
centrifugation with a Beckman J2-M1 centrifuge machine (Beckman, Fullerton, USA) 
at 14,000 rpm and 4°C for 30 min. After that the washed chitin A was lyophilized by 
freeze-dryer (Labconco, Kansas City, USA) at 0。C at a reduced pressure for 5 days. 
The freeze-dried chitin A was stored in an auto drybox (Eureka AD-75B, Taipei, 
Taiwan) for later experiments. 
3.1.3 Magnetite 
Magnetite (FesCU, 98% purity) was purchased from Aldrich Chemical 
Company, Inc (Aldrich, Milwaukee, United States). Magnetite (Plate 3.2) was used to 
immobilize with chitin A to produce magnetite-immobilized chitin A (MCA). 
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Plate 3.1 The appearance of chitin A 
EH 
Plate 3.2 The appearance of magnetite 
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3.1.4 Activated carbon 
Activated carbon (AC), supplied by Sigma Chemical Ltd, U.S.A., was used 
an adsorbent reference (Plate 3.3). The activated carbon was used directly without 
further purification or treatment. The physical properties of A C were shown in Table 
3.1. 
3.1.5 Cation exchange resin 
Cation exchange resin (Amberlite® IR-120 (H)) (CER), supplied by 
Supelco, Inc., Bellefonte, PA, U.S.A., was used an adsorbent reference (Plate 3.4). 
The physical properties of C E R were shown in Table 3.4. 
3.1.6 Pretreatment of cation exchange resin 
C E R was weighed out and was mixed with 50 m L of 1 M HCl, and poured 
into a 200 m L plastic bottle. To condition the CER, the mixture was shaken for 30 
min at 200 rpm. C E R was recovered by suction filtration. Then, C E R was filtered 
with ultrapure water and shaken for 30 min at 200 rpm for twice. This process aimed 
to wash out excess HCl. Care was taken to prevent the C E R from drying during the 
conditioning step. C E R was recovered by suction filtration and ready to be used. The 
ultrapure water was discarded. 
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Plate 3.3 The appearance of activated carbon 
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Plate 3.4 The appearance of cation exchange resin 
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3.2 Chemicals 
3.2.1 Metal ion solution 
Stock solution (10,000 mg/L) of Cu^ "^ , Ni^ "^  and Zn^^ were prepared by 
dissolving 13.4141 g of CUCI2.2H2O (RDH), 20.2485 g of NiCb.SHzO (RDH) and 
10.4217 g of ZnCb (RDH) in 500 m L of Milli-Q ultrapure water respectively. 
Designated concentration of metal ions for working solution was prepared by diluting 
appropriate volume of stock solution with Milli-Q ultrapure water. 
3.2.2 Buffer solution 
Stock solution (500 m M ) of M E S and M O P S buffer solution were prepared 
by dissolving 97.6 g of C6H13NO4S (Aldrich, Milwaukee, United States) and 
104.65 g of C7H15NO4S (Aldrich, Milwaukee, United States) in 1 L of Milli-Q 
ultrapure water respectively. 50 m M of buffer solution was prepared by diluting 
appropriate volume of stock solution with Milli-Q ultrapure water. 
3.2.3 Standard solution 
For atomic absorption spectrophotometric (AAS) detection, a series of 
standard solutions of Cu^ "^  (range from 0 to 8 mg/L), Ni^ "^  (range from 0 to 16 mg/L) 
and Zn2+ (range from 0 to 4 mg/L) were prepared from 1,000 mg/L spectro grade of 
atomic absorption standard metal ion solution (BDH, Poole, UK) by series dilutions. 
Metal ion concentration of sample was determined from the standard curve based on 
the absorbance value of samples, and corresponding wavelengths of 324.7, 232.0 and 
213.9 nm were chosen for measuring concentration of Cu^^, Ni^ "^  and Zr?^ 
respectively. The metal ion concentration was determined by a Hitachi Z8100 
polarized Zeeman atomic absorption spectrophotometer (AAS, Tokyo, Japan). 
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3.3 Immobilization of chitin A by magnetite 
3.3.1 Effect of chitin A to magnetite ratio 
All immobilization experiments were performed by a batch in triplicates. 
Whatman GF/C filter paper (Whatman, Maidstone, United Kingdom), was put onto 
the weighing cup. Weighing cup with filter paper was oven-dried at 105°C overnight 
before use. Then, the weighing cup with filter paper was pre-weighed. 
One hundred and twenty five m g of magnetite, various amounts of chitin A 
(0，62.5, 125, 250, 500 and 1,000 mg) and 50 m L Milli-Q ultrapure water were added 
to 125 m L of conical flask. The mixtures were shaken at 200 rpm for 20 min on a 
rotary shaker at 25°C. After shaking, magnetic separation was carried out for 1 min 
by using a magnet. Supernatant was filtered by pre-weighed Whatman GF/C filter 
papers and then the supernatant was discarded. The filter with collected chitin A and 
magnetite was oven-dried at 105°C and weigh daily until constant weight obtained. 
The weight, after subtracting that of filter, weigh cup and magnetite, was referred as 
the amount of chitin A immobilized on magnetite. The weight difference represented 
the chitin loss in immobilization process. The immobilization of chitin A by 
magnetite was expressed as immobilization capacity (IC, mg/mg) or immobilization 
efficiency (IE, %). 
IE = amount of chitin immobilized / amount of chitin added x 100% (1) 
IC = amount of chitin immobilized / amount of magnetite added (2) 
The best ratio of magnetite to chitin was chosen for further study in the 
following sections. 
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3.3.2 Effect of amount of chitin A and magnetite in a fixed ratio 
One to two ratio of magnetite to chitin A was selected. Different weights of 
chitin A and magnetite in this fixed ratio (1:2) were added to different conical flasks 
(125 to 250 mg, 250 to 500 mg, 500 to 1,000 mg, 100 to 2,000 m g and 2,000 to 4,000 
mg). Milli-Q ultrapure water was dispersed into the conical flask and the mixture was 
shaken at 200 rpm for 1 h on a rotary shaker at 25°C. After shaking, magnetic 
separation was carried out for 1 min with a magnet. The supernatant was filtered by 
pre-dried and pre-weighted Whatman GF/C filter papers at 105°C overnight. The 
filter papers with unsettled chitin A and magnetite were oven-dried at 105°C 
overnight. The filter paper with weighing cup was then weighed daily until constant 
weight obtained. The weight difference represented the chitin loss in immobilization 
process. Finally, IE and IC were calculated. 
3.3.3 Effect of pH 
A Whatman GF/C filter paper was put onto the weighing cup. Weighing 
cups with filter paper were oven-dried at 105°C overnight before use. Then, the 
weighing cup with filter paper was pre-weighed. Fifty m L of Milli-Q ultrapure water 
was adjusted into pH 2, 3，4, 5, 6, 7, 8，9 and 10 respectively by using 0.1 M HCl and 
0.1 M N a O H and then dispersed into 125 m L conical flask. One hundred and twenty 
five m g of chitin A was added into the flasks followed by 62.5 m g of magnetite. The 
mixture was shaken at 200 rpm for 1 h on a rotary shaker at 25°C. After agitation, 
magnetite with chitin A was settled by a magnet for 1 min. The supernatant was 
filtered by pre-dried and pre-weighted Whatman GF/C filter papers at 105°C 
overnight. The filter papers with unsettled chitin A and magnetite were oven-dried at 
105°C overnight. The filter paper with weighing cup was then weighted daily until 
constant weight obtained. The weight difference represented the chitin loss in 
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immobilization process. Finally, IE and IC were calculated. 
3.3.4 Effect of immobilization time 
The immobilization experiments were performed as described in Section 
3.3.1, except conducting in different immobilization times. The mixture was shaken 
at 200 rpm for different immobilization times (0, 5, 10 30, 60 and 120 min) on a 
rotary shaker at 25°C. Finally, IE and IC were calculated. 
3.3.5 Effect of temperature 
The immobilization experiments were performed as described in Section 
3.3.1, except conducting in different temperatures. The mixture was shaken at 200 
rpm for 1 h on a rotary shaker at different temperatures (10, 20, 25, 30 and 40°C). 
Finally, IE and IC were calculated. 
3.3.6 Effect of agitation rate 
The immobilization experiments were performed as described in Section 
3.3.1, except conducting in different agitation rates. The mixture was shaken at 
different agitation rates (0, 100, 200, 300 and 400 rpm) for 1 h on a rotary shaker at 
25°C. Finally, IE and IC were calculated. 
3.3.7 Effect of salinity 
The immobilization experiments were performed as described in Section 
3.3.1, except conducting in different salinities. The mixture was shaken at different 
salinities (0, 5，10，20 and 30 ppt) at 200 rpm for 1 h on a rotary shaker at 25。C. 
Finally, IE and IC were calculated. 
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3.3.8 Mass production of magnetite-immobilized chitin A 
Two g of magnetite, 4 g of chitin and 200 m L Milli-Q water were added to 
500 m L of conical flask. They were shaken at 200 rpm for 1 h on a rotary shaker at 
25°C, and collected by centrifugation at 14,000 rpm and 4。C for 30 min. The 
magnetite-immobilized chitin A (MCA) was frozen overnight at -80®C and were 
lyophilized by freeze-dryer at 0°C and a reduced pressure for 5 days. 
3.4 Batch adsorption experiment 
Batch Cu2+, Ni2+ and Zn^ "^  adsorption experiments were carried out to 
determine the metal ion removal capacity (RC) of M C A , A C and CER. One hundred 
mg/L of metal ion solution was prepared by diluting the stock solution. Initial pH of 
the working solution was adjusted by addition of 0.1 M HCl or NaOH. Portion of 50 
m L was dispensed into a 200 m L of acid-washed plastic bottle. One hundred m g of 
each adsorbent was applied. The mixture was then agitated at 200 rpm at 25°C for 1 
h. After agitation, for M C A , it was settled by magnet for 1 min. One and half m L of 
the solution was collected from each vial and separated the adsorbents by 
centrifugation in a Sanyo Micro Cenataur microfuge at 13,000 rpm for 5 min. 
Supernatant was collected and stored in plastic sampling vials. The samples were 
diluted to measurable range for atomic absorption spectrophotometer by Milli-Q 
ultrapure water. The residual metal ion concentration was determined by a Hitachi 
Z8100 polarized Zeeman atomic absorption spectrophotometer (AAS, Tokyo, Japan). 
Equilibrium pH of the solution was measured by a Thermo Orion 420A pH meter. In 
order to determine the amount of metal ion uptake by the plastic bottle, control 
experiments were also performed under identical conditions, except that no adsorbent 
was present in the container. 
For the A A S detection, a standard curve of absorbance versus metal ion 
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concentration was plotted. A series of standard solutions of Cu^^ (range from 0 to 8 
mg/L), Ni2+ (range from 0 to 16 mg/L) and Zx}^ (range from 0 to 4 mg/L) were 
prepared from 1,000 mg/L spectro grade of atomic absorption standard metal ion 
solution (BDH, Poole, UK) by series dilutions. Metal ion concentration of sample 
was determined from the standard curve bases on the absorbance value of samples, 
and corresponding wavelengths of 324.7, 232.0 and 213.9 nm were chosen for 
measuring concentration of Cu】.，Ni^ ^ and Zn^^ respectively. 
The adsorption performance could be expressed by removal efficiency (RE, 
%) and removal capacity (RC, mg/g chitin). The equations are: 
RE = amount of metal ions removal / mass of metal ion added x 100% (3) 
RC = amount of metal ions removal / mass of chitin contained (4) 
3.5 Optimization of physicochemical conditions on C u，N i 
and Zn2+ adsorption by MCA, AC and CER 
In order to select the optimal conditions for each metal ion adsorption by 
the three adsorbents, the ability of adsorbents to remove metal ions were determined 
under the constant conditions with only one factor varying each time. 
3.5.1 Effect of equilibrium pH 
Batch adsorption experiments were performed as described in Section 3.4, 
except conducting in various pH ranges. The equilibrium pH of metal ion solution 
was adjusted to pH 4.0，4.5，5.0, 5.5, 6.0 and 6.5 by 50 m M of M E S buffer solution 
and pH 6.0, 6.5, 7.0, 7.5, 8.0 and 8.5 by using 50 m M of M O P S buffer solution. The 
solution was then shaken for one hour at 200 rpm at 25°C. The final pH of mixtures 
was measured. Optimal pH for each adsorbent was determined and used for further 
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study. 
3.5.2 Effect of amount of adsorbent 
Optimized condition of Section 3.5.1 was chosen and the adsorption 
experiments were performed as described in Section 3.4, except conducting in 
various amounts of adsorbents. For M C A , the selected amounts were 10, 20, 40, 60, 
90, 120, 200, 400 and 800 m g of chitin A for Cu】. and Zn^^ and 10，20, 40, 60，90, 
120, 200，400, 800，1,000 and 1,400 m g of chitin A for Ni^ "". For AC, the selected 
amounts were 10, 50, 100, 200, 400, 600, 800，1,000 and 2,000 m g for Cu^^ and Zn^ "" 
and 50, 100, 200, 400, 600, 700, 800, 1,000, 1,200，1,500 and 2,000 m g for Ni^^. For 
CER, the selected amounts were 10, 40, 60, 120, 200 and 800 m g for Cu^^, 10, 40, 60, 
120, 200, 800 and 1,000 m g for Zn^^ and 40, 60，70, 80, 90, 100，200, 800 and 1,000 
m g for Ni2+. The solution was then shaken for one hour at 200 rpm at 25°C. The final 
pH of mixtures was measured. Optimal amount of each adsorbent was determined 
and used in the following experiments. 
3.5.3 Effect of retention time 
Optimized conditions of Sections 3.5.1 to 3.5.2 were chosen and the 
adsorption experiments were performed as described in Section 3.4, except 
conducting in different retention times. The selected retention times were 2.5, 5, 10, 
20, 30，40, 60, 90，120, 180 and 240 min for M C A , A C and CER. The solution was 
then shaken at 200 rpm at 25°C. The final pH of mixtures was measured. Optimal 
retention time was determined and used in the following experiments. 
3.5.4 Effect of agitation rate 
Optimized conditions of Sections 3.5.1 to 3.5.3 were chosen and the 
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adsorption experiments were performed as described in Section 3.4, except 
conducting in different agitation rates. The selected retention times were 0, 50, 100, 
200, 300 and 400 rpm for M C A , A C and CER. The final pH of mixtures was 
measured. Optimal agitation rate was determined and used in the following 
experiments. 
3.5.5 Effect of temperature 
Optimized conditions of Sections 3.5.1 to 3.5.4 were chosen and the 
adsorption experiments were performed as described in Section 3.4, except 
conducting in different temperatures. The selected temperatures were 10，20, 25, 30, 
35, 40 and 45°C for M C A , A C and CER. The final pH of mixtures was measured. 
Optimal temperature was determined and used in the following experiments. 
3.5.6 Effect of initial metal ion concentration 
Optimized conditions of Sections 3.5.1 to 3.5.5 were chosen and the 
adsorption experiments were performed as described in Section 3.4, except 
conducting in different initial metal ion concentrations. The selected initial metal ion 
concentrations were 5, 10, 25, 50，75，100, 200, 250, 500 and 1,000 mg/L for M C A , 
A C and CER. The final pH of mixtures was measured. Optimal initial metal ion 
concentration was determined and used in the following experiments. 
3.5.7 Adsorption isotherms 
The data of the effect of metal ion concentration on adsorption was 
analyzed by using the adsorption isotherms, Langmuir and Freundlich adsorption 
isotherms (Kawamura et al, 1997). Adsorption isotherms were used to determine the 
adsorption phenomenon of metal ions by adsorbents. The Langmuir adsorption 
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isotherm assumes that adsorption occurs at specific homogeneous sites within the 
adsorbent. The Freundlich isotherm is an empirical equation employed to describe 
heterogeneous systems. 
For Langmuir adsorption isotherm, the data was fitted into the following 
equation: 
Ce/qe = Ce/qmax + ! /(Qniax b) (5) 
where qe = removal capacity (mg/g) 
Ce = equilibrium concentration of DEHP (mg/L) 
qmax = maximum adsorption capacity (mg/g) 
b = affinity constant (L/mg) 
A plot of Ce/qe against Ce produces a straight line with a slope of 
仏 11 ax 
and a y-intercept o f！ ~ . Hence, both qmax and b can be calculated and compared. 
For Freundlich adsorption isotherm, the data was fitted into the following 
equation: 
In qe = In k + 1/n In Ce (6) 
where qe = removal capacity (mg/g) 
Ce = equilibrium concentration DEHP (mg/L) 
k = adsorbent capacity 
Mn = adsorption intensity 
A plot In q^ against In Q would yield a straight line with a slope of Mn 
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and a y-intercept of In k . Hence, both k and n can be calculated and compared. 
3.5.8 Dimensionless separation factor 
To predict whether an adsorption system is favorable or not, the feature of 
the Langmuir isotherm can be expressed by means of 'Rl, a dimensionless constant 
referred to as separation factor or equilibrium parameter Rl is calculated by using the 
following equation (Webi et al., 1974), 
RL=l/\+bCo, (7) 
where b is the Langmuir constant (L/mg) and Co is the initial metal ion 
concentration (mg/L). 
3.5.9 Kinetic parameters of adsorption 
In order to analyze the adsorption kinetics of metal ions on M C A , the 
pseudo-first-order and pseudo-second-order kinetic models were applied to data. A 
simple pseudo-first order equation of Lagergren was used in this study (Ho et al, 
1998; Bhattacharyya et al., 2005): 
log (^ eq -qi) = log如q _ 众i/2.303,, (8) 
where ^ eq and qt are the amount of metal ion adsorbed at equilibrium and at 
time t (mg/g) respectively, and k\ is the rate constant of the pseudo-first-order 
adsorption process. Values of k\ can be calculated from the slope of the plots of log 
(^ eq — qd versus t for first order adsorption kinetics. 
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The second-order rate equation, which was called pseudo-second-order 
kinetic expression, has been used in this study (Ho, 2005). The linear form of the 
kinetic rate equation can be written as follows: 
t/qt=\/k2q\ + t/q 卿 (9) 
where ki is the rate constant of pseudo-second-order adsorption (g/mg/min), 
e^q the amount of metal ion adsorbed at equilibrium (mg/g), and qt is the amount of 
metal ion adsorbed at time t (mg/g). The constants can be calculated from plotting of 
tlqt against t. 
The intraparticle diffusion equation (Weber Jr. et al., 1963) can be written 
as follows: 
q产 (10) 
where C is the intercept and kp, the intraparticle diffusion rate constant 
(mg/g/min"2). 
3.5.10 Thermodynamic parameters of adsorption 
The equilibrium constant Ka (L/mol) corresponding to the reciprocal of 
Langmuir constant, b (L/mg), is dependent with temperature which can be used to 
predict thermodynamic parameters associated to the adsorption process, for example, 
the change in the free energy (AG°), enthalpy (A//°) and entropy (A5"°) and they were 
determined by using following equations: 
A<}�= -RT\nKa, (11) 
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In Ka = -AGVRT=-Mr/RT+ (12) 
where R is the gas universal constant (8.314 J/mol K) and T is the absolute 
temperature in K. A//° and AS° can be calculated from the slope and intercept, 
respectively, of the plot of In IQ versus \/T. 
3.6 Recovery of Cu!.，Ni^ "" and Zn^ ^ from metal ion-laden MCA 
3.6.1 Performances of various solutions on metal ion recovery 
In order to recover the adsorbed metal ions from M C A effectively, various 
solution were examined. They included 0.1 M hydrochloric acid (HCl, Univar) with 
pH 1.05, 0.1 M sulfuric acid (H2SO4, RDH) with pH 1，0.1 M nitric acid (HNO3, 
R D H ) with pH 1.1，0.1 M citric acid (CeHgOy, RDH) with pH 1.98 and 0.1 M 
ethylenediaminetetraacetic acid (EDTA, BDH) with pH 4.45. 
The adsorption experiments were performed under optimized conditions. 
After adsorption, metal ion-laded M C A was collected by magnetic separation. Fifty 
m L of each tested solution was then added into the metal ion-laded M C A for metal 
ion desorption. The mixture was then agitated by an orbital shaker at 200 rpm and 
23+2°C for 30 min. After desorption, M C A was settled by a magnet for 1 min. The 
supernatant was collected and centrifuged at 13,000 rpm for 5 min. The samples of 
Cu2+ and Zn^^ were diluted to measurable range for A A S measurement by Milli-Q 
ultrapure water, while those of Ni^^ were analyzed by ICP-AES to avoid any 
chemical interference caused by various solutions. 
Recovery efficiency (ReE, %) could be calculated by following equation: 
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ReE = amount of metal ions released during desorption/amount of metal 
ions adsorbed during adsorption x 100% (13) 
3.6.2 Multiple adsorption and desorption cycles of metal ions 
Batch type multiple adsorption and desorption cycles of metal ions by 
M C A were determined. Based on the results of metal ion recovery from metal ion 
laded M C A , 0.1 M EDTA, which is one if the best solution among the 5 tested 
solution, was employed for multiple adsorption and desorption cycles. The 
procedures of adsorption and desorption experiments were performed as mentioned 
in Section 3.6.1. After desorption, the treated metal ion solution was discarded and 
the M C A was collected by a magnet. The M C A was then resuspended in 50 m L of 
ultrapure water in the plastic bottle and washed twice before another adsorption cycle. 
After that, another 50 m L of metal ion solution was poured into the recovered M C A . 
The adsorption and desorption cycles were repeated for 3 times under the same 
conditions. 
3.7 Statistical analysis of data 
All the experiments were conducted in triplicate are analyzed statistically 
by one way A N O V A with P<0.05 followed by multiple comparison test (Tukey test) 
with a computer software, SigmaStat (Version 9.1，Jandel Scientific, Chicago, USA). 
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4. Results 
4.1 Immobilization of chitin A by magnetite 
In order to produce magnetite-immobilized chitin A (MCA) in a 
cost-effective way, the effects of some physicochemical conditions on 
immobilization of chitin A with magnetite were determined. The studied parameters 
included: different magnetite to chitin A ratio, different amounts of magnetite and 
chitin A in a fixed ratio, initial pH, immobilization time, temperature, agitation rate 
and salinity. 
4.1.1 Effect of chitin A to magnetite ratio 
In this part, the amount of magnetite was fixed at 125 m g and that of chitin 
A was ranged from 62.5 to 1,000 mg. Thus, the ratio of magnetite to chitin A was 
from 1:0.5 to 1:8. Fifty m L of Milli-Q ultrapure water would be used for the matrix 
without any pH adjustment. Eight cycles were performed and 20 min for each cycle. 
The results were shown in Figure 4.1. It showed that the immobilization efficiency 
(IE) decreased from 100 to 53.82% as the portion of chitin A increased from 1:0.5 to 
1:8. Moreover, the lEs maintained at a high level (98%) for the ratio of 1:1 and 1:2. 
However, it was observed that, for the ratio of 1:4 and 1:8, the lEs were significantly 
decreased within 8 cycles. This implied that excess chitin A was lost during 
immobilization as there were limited amounts of magnetite for both cases. The loss 
of chitin A for all ratios studied is shown in Plate 4.1. For the immobilization 
capacity (IC), it was increased when the portion of chitin A increased. Finally, the 
ratio of 1:2 was selected. 
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Figure 4.1. The (a) immobilization efficiency (IE) and (b) immobilization capacity 
(IC) of different chitin A to magnetite ratio. The experimental conditions: Solution 
volume = 50 mL, agitation rate = 200 rpm and temperature = 23+2 Data shown 
above represent the means of triplicates. Means with the same letter are statistically 
identical (One Way A N O V A followed by Tukey test, p<0.05) and the error bars 
represent the standard deviations. 
57 
^^f^^ii^r^Tj^l m ： c = 1 ： 0.5 H m : c = 1 : 1 • 
• m : c = 1 : 2 M i t i : c = 1 ： 4 • m : c = 1 : 8 I 
Plate 4.1 • Loss of chitin A after the end of immobilization for different m:c ratios. 
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4.1.2 Effect of amount of chitin A and magnetite in a fixed ratio 
In this part, the magnetite to chitin A ratio was fixed at 1:2. Different 
amounts of chitin A and magnetite was varied in order to see the feasibility of mass 
production of magnetite-immobilized chitin A. The results are shown in Figure 4.2. It 
showed that, when increasing the amounts of both chitin and magnetite in a fixed 
ratio, could not affect both lEs and ICs and all lEs remained at a high level (around 
100%). 
4.1.3 Effect of pH 
The effect of different initial pH on immobilization was studied and the 
results are shown in Figure 4.3. It was observed that increasing the pH value from 2 
to 10 did not have significant effects on both lEs and ICs. The lEs were kept in 100% 
and ICs were kept in 2.0 mg/mg. 
4.1.4 Effect of immobilization time 
The effect of different immobilization times was studied and the results are 
shown in Figure 4.4. It was found that the IE and IC increased rapidly and started to 
level off after 5 min. There were no significant changes from 10 to 120 min. 
4.1.5 Effect of temperature 
The effect of different temperatures was studied and the results are shown 
in Figure 4.5. From the results, it was found when the temperature increased from 10 
to 40°C, there was no significant effect on both lEs (remained as 100%) and ICs 
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Figure 4.3. The (a) immobilization efficiency (IE) and (b) immobilization capacity 
(IC) of different initial pHs. The experimental conditions: Solution volume = 50 mL, 
agitation rate = 200 rpm and temperature = 23±2 Data shown above represent the 
means of triplicates. Means with the same letter are statistically identical (One Way 
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Figure 4.4. The (a) immobilization efficiency (IE) and (b) immobilization capacity 
(IC) of different immobilization times. The experimental conditions: Solution 
volume = 50 mL, agitation rate = 200 rpm and temperature = 23+2 Data shown 
above represent the means of triplicates. Means with the same letter are statistically 
identical (One Way A N O V A followed by Tukey test, p<0.05) and the error bars 
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Figure 4.5. The (a) immobilization efficiency (IE) and (b) immobilization capacity 
(IC) of different temperatures. The experimental conditions: Solution volume = 50 
mL, agitation rate = 200 rpm. Data shown above represent the means of triplicates. 
Means with the same letter are statistically identical (One Way A N O V A followed by 
Tukey test, p<0.05) and the error bars represent the standard deviations. 
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4.1.6 Effect of agitation rate 
From the results of Figure 4.6，it was found that the lEs and ICs increased 
from 0 to 200 rpm and started to level off after 200 rpm. So, mixing was absolutely 
required for immobilization to achieve 100% IE. 
4.1.7 Effect of salinity 
From Figure 4.7, when increasing the concentration of NaCl from 0 to 30 
ppt, both lEs and ICs had no significant changes and all IBs remained around 100%. 
4.1.8 Mass production of magnetite-immobilized chitin A 
All the physicochemical conditions for producing magnetite-immobilized 
chitin A are summarized in Table 4.1. Under this set of physicochemical condition, 
the production of magnetite-immobilized chitin A remained in a high IE and IC. 
Table 4.1. Summary of the selected conditions for producing M C A . 
Parameters 
Amount of magnetite 2,000 m g 
Amount of chitin A 4,000 m g 
pH Unadjusted 
Immobilization time 60 min 
Agitation rate 200 rpm 
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Figure 4.6. The (a) immobilization efficiency (IE) and (b) immobilization capacity 
(IC) of different agitation rates. The experimental conditions: Solution volume = 50 
m L and temperature = 23+2 Data shown above represent the means of triplicates. 
Means with the same letter are statistically identical (One Way A N O V A followed by 
Tukey test, p<0.05) and the error bars represent the standard deviations. 
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Figure 4.7. The (a) immobilization efficiency (IE) and (b) immobilization capacity 
(IC) of different salinities. The experimental conditions: Solution volume = 50 mL, 
agitation rate = 200 rpm and temperature = 23+2 Data shown above represent the 
means of triplicates. Means with the same letter are statistically identical (One Way 
A N O V A followed by Tukey test, p<0.05) and the error bars represent the standard 
deviations. 
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4.2 Batch adsorption experiment 
4.2.1 Screening of adsorbents 
The metal ions (Cu2+, Ni�"*" and Zn^^) adsorption efficiencies were screened 
and compared between chitin A, chitin B，chitin C, magnetite-immobilized chitin A 
(MCA), magnetite-immobilized chitin B (MCB) and magnetite-immobilized chitin C 
(MCC). The results are shown in Figure 4.8. Generally, the order of adsorption 
affinity of metal ions towards these adsorbents was as follows: Cu^^ > Zr?^ > Ni:.. 
Free chitin A and chitin B showed similar REs and RCs for three metal ions. Free 
chitin C showed the lowest REs and RCs for all metal ions. M C A , M C B and M C C 
showed similar REs and RCs when compared with pure chitin A, chitin B and chitin 
C. Finally, magnetite-immobilized chitin A was selected for further investigation and 
more explanations will be given in the discussion part. 
On the other hand, some other conventional adsorbents such as 
magnetite (M), activated carbon (AC) and cation exchange resin (CER) were used 
for comparison. The results are shown in Figure 4.9. The order of REs and RCs was 
as follow: C E R » A C » M. In addition, no metal ions were being adsorbed by 
magnetite and relative low REs and RCs were obtained by activated carbon. The 
highest REs and RCs were obtained by using ion exchange resin (e.g. 87.20% for 
Cu2+and 97.72% for Zn2+). In the case ofNP"^, some of the final concentrations were 
greater than initial concentrations which resulted in negative REs and RCs. This was 
I 
mainly due to the detection problem in A A S for Ni which caused by the 
interference of buffer solution mixture. Since then, ICP-AES was suggested to be 
used for detecting Ni^ "^  concentration to obtain more accurate results. 
Based on the results, magnetite-immobilized chitin A (MCA), A C and 
C E R were chosen to be used for further investigation. 
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Figure 4.8. The (a) removal efficiency (RE) and (b) removal capacity (RC) of three 
metal ion adsorption by different absorbents. The experimental conditions: Metal ion 
concentration = 100 mg/L, retention time = 60 min, agitation rate = 200 rpm and 
temperature = 23+2 Data shown above represent the means of triplicates. Means 
with the same letter are statistically identical (One Way A N O V A followed by Tukey 
test, p<0.05) and the error bars represent the standard deviations. 
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Figure 4.9. The (a) removal efficiency (RE) and (b) removal capacity (RC) of three 
metal ion adsorption by different reference absorbents. The experimental conditions: 
Metal ion concentration = 100 mg/L, retention time = 60 min, agitation rate = 200 
rpm and temperature = 23±2 Data shown above represent the means of triplicates. 
The error bars represent the standard deviations. 
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4.3 Optimization of physicochemical conditions on Ni^ "^  
and Zn2+ adsorption by MCA, AC and CER 
In order to select the optimal conditions for each metal ion adsorption by 
the three adsorbents, the ability of adsorbents to remove metal ions were determined 
under the constant conditions with only one factor varying each time. The studied 
physicochemical conditions were equilibrium pH, amount of adsorbent, retention 
time, agitation rate, temperature and initial concentration of metal ion. 
4.3.1 Effect of equilibrium pH 
The equilibrium pH of metal ion solution was adjusted to pH 4.0 to 6.5 by 
50 m M of M E S buffer solution and pH 6.0 to 8.5 by using 50 m M of M O P S buffer 
solution. The results are shown for Cu^ "^  (Figure 4.10), Ni^ "^  (Figure 4.11) and Zn^^ 
(Figure 4.12). 
For Cu2+ adsorption, for M C A , both REs and RCs increased with pH from 
4.0 to 6.5 and they were further increased with pH from 6.5 to 8.0. Moreover, both 
REs and RCs leveled off beyond pH 7 (around 100% for RE). For AC, when pH 
increased from 4.0 to 8.0，both REs and RCs did not have any significant changes on 
the adsorption of Cu^^. On the other hand, for CER, both RE and R C decreased 
constantly when pH increased. 
For Ni2+ adsorption, for both M C A and AC, both REs and RCs generally 
increased with pH from 4.0 to 8.5. Both REs reached around 80% at pH 8.5. On the 
other hand, for CER, both RE and RC decreased constantly as the same when pH 
increased. 
For Zn2+ adsorption, similar results were obtained as Ni^ "^  adsorption on the 
pH effect. For both M C A and AC, both REs and RCs generally increased with pH 
from 4.0 to 8.5.For CER, both RE and R C decreased constantly when pH increased. 
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Figure 4.10. The Cu^ "" (a) REs and (b) RCs of different equilibrium pH. The 
experimental conditions: Cu^^ solution volume = 50 mL, initial Cu:. concentration = 
100 mg/L, retention time = 1 h, agitation rate = 200 rpm, temperature = 23+2°C. 
Data shown above represent the means of triplicates. Means with the same letter are 
statistically identical (One Way A N O V A followed by Tukey test, p<0.05) and the 
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Figure 4.11. The Ni^^ (a) REs and (b) RCs of different equilibrium pH. The 
experimental conditions: Ni ^^ solution volume = 50 mL, initial Ni^ "^  concentration = 
100 mg/L, retention time = 1 h, agitation rate = 200 rpm, temperature = 23±2°C. 
Data shown above represent the means of triplicates. Means with the same letter are 
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error bars represent the standard deviations. 
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Figure 4.12. The Zn^ "" (a) REs and (b) RCs of different equilibrium pH. The 
experimental conditions: Zn】. solution volume = 50 mL, initial Zn^^ concentration = 
100 mg/L, retention time = 1 h, agitation rate = 200 rpm, temperature = 23+2°C. 
Data shown above represent the means of triplicates. Means with the same letter are 
statistically identical (One Way A N O V A followed by Tukey test, p<0.05) and the 
error bars represent the standard deviations. 
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4.3.2 Effect of amount of adsorbent 
Different amounts of adsorbents were applied to study the effect on metal 
ion removal. The results are shown for Cu^^ (Figure 4.13), Ni^^ (Figure 4.14) and 
Zn2+ (Figure 4.15). 
From the results of Cu�.，for both M C A and CER, the REs increased 
drastically with increasing amounts from 10 to 60 mg and then started to level off 
(around 97%) from 90 to 800 mg. In contrast, the REs increased relatively slowly 
with increasing the amounts of A C from 10 to 1,000 mg. On the contrary, all RCs 
decreased significantly with increasing the dose of adsorbents. By consideration of 
both RE and RC, 90 m g of M C A (60 m g of chitin), 70 mg of C E R and 800 m g of A C 
were selected for further Cu^^ adsorption experiments. 
From the results of Np^, for CER, the REs increased drastically with 
increasing amounts from 40 to 100 m g and then started to level off (around 99%) 
from 200 to 1,000 mg. In contrast, the REs increased relatively slowly with 
increasing the amounts of M C A and AC. On the contrary, all RCs decreased 
significantly with increasing the dosage of adsorbents. By consideration of both RE 
and RC, 750 m g of M C A (500 m g of chitin), 70 m g of C E R and 1,200 m g of A C 
were selected for further Ni adsorption experiments. 
From the results of Zn^^, for both M C A and CER, the REs increased 
drastically with increasing amounts and then started to level off (around 98%) from 
400 to 800 m g for M C A and 200 to 1,000 m g for CER. In contrast, the REs increased 
relatively slowly with increasing the amounts of AC. On the contrary, all RCs 
decreased significantly with increasing the dose of adsorbents. By consideration of 
both RE and RC, 300 m g of M C A (200 m g of chitin), 80 m g of C E R and 1,000 m g 
of A C were selected for further Zx}^ adsorption experiments. 
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Figure 4.13. The Cu^ "^  (a) REs and (b) RCs of different amounts of adsorbents. The 
experimental conditions: pH = 6, Cu^ "^  solution volume = 50 mL, initial Cu^^ 
concentration = 100 mg/L, retention time = 1 h, agitation rate = 200 rpm, 
temperature = 23+2°C. Data shown above represent the means of triplicates. Means 
with the same letter are statistically identical (One Way A N O V A followed by Tukey 
test, p<0.05) and the error bars represent the standard deviations. 
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Figure 4.14. The Ni^^ (a) REs and (b) RCs of different amounts of adsorbents. The 
I I 
experimental conditions: pH = 8, Ni solution volume = 50 mL, initial Ni 
concentration = 100 mg/L, retention time = 1 h, agitation rate = 200 rpm, 
temperature = 23+2°C. Data shown above represent the means of triplicates. Means 
with the same letter are statistically identical (One Way A N O V A followed by Tukey 
test, p<0.05) and the error bars represent the standard deviations. 76 
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Figure 4.15. The Zn�.（a) REs and (b) RCs of different amounts of adsorbents. The 
experimental conditions: pH = 7, Zn^^ solution volume 二 50 mL, initial Zn?. 
concentration = 100 mg/L, retention time = 1 h, agitation rate = 200 rpm, 
temperature = 23+2°C. Data shown above represent the means of triplicates. Means 
with the same letter are statistically identical (One Way A N O V A followed by Tukey 
test, p<0.05) and the error bars represent the standard deviations. 
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4.3.3 Effect of retention time 
Different retention times were studied to investigate the effect on metal ion 
removal by M C A , A C and CER. The results are shown for Cu^^ (Figure 4.16), Ni^ "" 
(Figure 4.17) and Zn^^ (Figure 4.18). 
For Cu2+, generally, both REs and RCs increased with retention time. 
Taking the case of M C A as an example, in the first 10 min, both RE (73.62%) and 
R C (65.04 mg/g) increased sharply. The increasing trend became flattened with 
longer time interval. The Cu^ "^  removal started equilibrium at 60 min. Similar 
patterns could be observed for both A C and CER. 
For Ni2+ and Zn^ "^ , both REs and RCs also increased rapidly with retention 
time. In the same time, the increasing trend became flattened with longer time 
interval. However, a bit longer time was needed for Ni^ "^  and Zn^^ adsorption to reach 
the equilibrium state by three adsorbents. 
Finally, 20, 90 and 60 min were selected for optimal retention times for 
Cu2+, Ni2+ and Zn】. adsorption by M C A respectively. 
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Figure 4.16. The Cu^^ (a) REs and (b) RCs of different retention times. The 
experimental conditions: pH = 6, Cu^ "^  solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 90 mg (60 m g of chitin), initial Cu^^ concentration 
=100 mg/L, agitation rate = 200 rpm, temperature = 23+2°C. Data shown above 
represent the means of triplicates. Means with the same letter are statistically 
identical (One Way A N O V A followed by Tukey test, p<0.05) and the error bars 
represent the standard deviations. 
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Figure 4.17. The Ni^"*" (a) REs and (b) RCs of different retention times. The 
experimental conditions: pH = 8, Ni^^ solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 750 mg (500 mg of chitin), initial Ni^^ 
concentration = 100 mg/L, agitation rate = 200 rpm, temperature = 23+2°C. Data 
shown above represent the means of triplicates. Means with the same letter are 
statistically identical (One Way A N O V A followed by Tukey test, p<0.05) and the 
error bars represent the standard deviations. 
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Figure 4.18. The Zn^ "" (a) REs and (b) RCs of different retention times. The 
experimental conditions: pH = 7，Zn^ "^  solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 300 mg (200 m g of chitin), initial Zn�— 
concentration = 100 mg/L, agitation rate = 200 rpm, temperature = 23+2°C. Data 
shown above represent the means of triplicates. Means with the same letter are 
statistically identical (One Way A N O V A followed by Tukey test, p<0.05) and the 
error bars represent the standard deviations. 
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4.3.4 Effect of agitation rate 
Different agitation rates were studied to determine the effect on metal ion 
removal by M C A , A C and CER. The results are shown for Cu^ "" (Figure 4.19), Ni^^ 
(Figure 4.20) and Zn^ "" (Figure 4.21). 
It was found that the agitation rate had a significant effect on both REs and 
RCs for all three adsorbents on three metal ions, and they shared similar pattern of 
trend. When the agitation rate increased from 0 to 200 rpm, REs doubled from 
20-40% to 80%. In addition, both REs and RCs leveled off after 200 rpm and there 
were no statically significant difference between 200, 300 and 400 rpm. Finally, 200 
rpm was selected for optimal condition for all the three adsorbents in all three metal 
ions. 
4.3.5 Effect of temperature 
Different temperatures were studied to determine the effect on metal ion 
removal by M C A , A C and CER. The results are shown for Cu^ "" (Figure 4.22)，Ni^ ^ 
(Figure 4.23) and Zn^^ (Figure 4.24). 
The effect of temperature on adsorption of Cu^^ was illustrated in Figure 
4.22. From the results, both REs and RCs constantly increased from 10 to 40°C for 
M C A and AC. For M C A , the RE increased from 75.12 to 94.85% and the R C 
increased from 65.40 to 83.18 mg/g. For AC, the RE increased from 78 to 91% and 
the R C increased from 4.6 to 5.4 mg/g. However, for CER, the temperature effect 
showed a less enhancement on adsorption capacity compared with M C A and AC, 
which RE increased from 86.98 to 90.44% and RC from 85.01 to 89.03 mg/g. Finally, 
35, 40 and 25°C were selected respectively for further adsorption experiments by 
M C A , A C and CER. 
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Figure 4.19. The Cu^^ (a) REs and (b) RCs of different agitation rates. The 
experimental conditions: pH = 6，Cu^^ solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 90 mg (60 m g of chitin), initial Cu concentration 
=100 mg/L, retention time = 20 min, temperature = 23+2®C. Data shown above 
represent the means of triplicates. Means with the same letter are statistically 
identical (One Way A N O V A followed by Tukey test, p<0.05) and the error bars 
represent the standard deviations. 
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Figure 4.20. The Ni^^ (a) REs and (b) RCs of different agitation rates. The 
experimental conditions: pH = 8, Ni^ "^  solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 750 m g (500 mg of chitin), initial Ni 
concentration = 100 mg/L, retention time = 90 min, temperature = 23土2°C. Data 
shown above represent the means of triplicates. Means with the same letter are 
statistically identical (One Way A N O V A followed by Tukey test, p<0.05) and the 
error bars represent the standard deviations. 
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Figure 4.21. The Zn^^ (a) REs and (b) RCs of different agitation rates. The 
experimental conditions: pH = 7, Zn�. solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 300 mg (200 mg of chitin), initial Zn^^ 
concentration = 100 mg/L, retention time = 60 min, temperature = 23+2°C. Data 
shown above represent the means of triplicates. Means with the same letter are 
statistically identical (One Way A N O V A followed by Tukey test, p<0.05) and the 
error bars represent the standard deviations. 
85 
The effect of temperature on adsorption of Ni^ "^  was illustrated in Figure 
4.23. Both REs and RCs constantly increased from 10 to 45°C for M C A and AC. For 
M C A , the RE increased from 66.96 to 83.82% and the RC increased from 4.72 to 
5.91 mg/g. For AC, the RE increased from 72.58 to 93.69% and the R C increased 
from 2.89 to 3.73 mg/g. However, for CER, the temperature effect showed a less 
enhancement on adsorption capacity compared with M C A and AC, which RE 
increased from 87.52 to 92.99% and RC from 65.38 to 69.07 mg/g. Finally, 35, 45 
and 20°C were selected respectively for further adsorption experiments by M C A , A C 
and CER. 
The effect of temperature on adsorption of Zn^^ was illustrated in Figure 
4.24. From the results, both REs and RCs constantly increased from 10 to 45°C for 
M C A and AC. For MCA, the RE increased from 82.04 to 97 % and the R C increased 
from 16.09 to 19.01 mg/g. For AC, the RE increased from 69.21 to 91.27% and the 
R C increased from 3.42 to 4.51 mg/g. However, for CER, the temperature effect 
showed a less enhancement on adsorption capacity compared with M C A and AC, 
which RE increased from 92.10 to 96.53% and RC from 59.38 to 62.24 mg/g. Finally, 
35, 45 and 20°C were selected respectively for further adsorption experiments by 
M C A , A C and CER. 
4.3.6 Effect of initial metal ion concentration 
Different initial metal ion concentrations were studied to determine the 
effect on metal ion removal by M C A , A C and CER. The results are shown for Cu^^ 
(Figure 4.25), Ni^^ (Figure 4.26) and Zn^^ (Figure 4.27). 
The adsorption of Cu^^ was studied at different initial Cu^^ concentration 
in the range from 5 to 1,000 mg/L. Results were presented in Figure 4.25. The REs 
all generally decreased when the initial Cu^^ concentration increased. About RCs, 
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they were increased consistently and linearly in lower Cu^^ concentration range and 
then decreased for M C A and leveled off for C E R and further increased for A C when 
Cu2+ concentration further increased. Taking M C A as an example, the RE increased 
from 5 to 100 mg/L and the decreased rapidly from 150 to 200 mg/L. About the RC, 
it was increased consistently and linearly in lower concentration range of Cu^^ (5 to 
100 mg/L) and then decreased when the Cu^^ concentration further increased. In 
addition, the maximum RE (92.01%) and R C (79.53 mg/g) were located at 100 mg/L. 
However, the RC decreased when Cu concentration was further increased. 
Similar patterns were observed for Ni^^ and Zn^^ adsorption by three 
adsorbents. Finally, initial metal ion concentration of 75，100 and 100 mg/L were 
selected for M C A , A C and C E R respectively for all three metal ions. 
4.3.7 Summary of optimized conditions for three metal ions 
The optimized conditions and relative REs and RCs for the removal of 
three metal ions by M C A , A C and C E R are summarized in Tables 4.2 to 4.4. 
4.3.8 Cost analysis of metal ion removal by three adsorbents 
In order to compare the cost-effectiveness of using M C A as an adsorbent in 
wastewater treatment, the market price of M C A , A C and C E R was found and a cost 
analysis of the removal of three metal ions by M C A , A C and C E R were done and 
summarized in Tables 4.2 to 4.4. 
4.3.9 Performance of reference adsorbents (AC and CER) 
The performance of reference adsorbents, A C and CER, was compared 
with the optimized conditions for the removal of three metal ions by M C A . The 
results are shown for Cu^ "" (Figure 4.28), N P (Figure 4.29) and Zn^^ (Figure 4.30). 
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Figure 4.22. The Cu^^ (a) REs and (b) RCs of different temperatures. The 
experimental conditions: pH = 6, Cu^ "^  solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 90 mg (60 m g of chitin), initial Cu^ "^  concentration 
=100 mg/L, retention time = 20 min and agitation rate = 200 rpm. Data shown above 
represent the means of triplicates. Means with the same letter are statistically 
identical (One Way A N O V A followed by Tukey test, p<0.05) and the error bars 
represent the standard deviations. 
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Figure 4.23. The Ni�—（a) REs and (b) RCs of different temperatures. The 
experimental conditions: pH = 8, Ni^^ solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 750 mg (500 mg of chitin), initial Ni^^ 
concentration = 100 mg/L, retention time = 90 min and agitation rate = 200 rpm. 
Data shown above represent the means of triplicates. Means with the same letter are 
statistically identical (One Way A N O V A followed by Tukey test, p<0.05) and the 
error bars represent the standard deviations. 
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Figure 4.24. The Zn^ "" (a) REs and (b) RCs of different temperatures. The 
experimental conditions: pH = 7，Zn^^ solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 300 m g (200 m g of chitin), initial Zn】"*" 
concentration = 100 mg/L, retention time = 60 min and agitation rate = 200 rpm. 
Data shown above represent the means of triplicates. Means with the same letter are 
statistically identical (One Way A N O V A followed by Tukey test, p<0.05) and the 
error bars represent the standard deviations. 
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Figure 4.25. The Cu^^ (a) REs and (b) RCs of different initial Cu^^ concentration. 
The experimental conditions: pH = 6，Cu^ "^  solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 90 m g (60 m g of chitin), retention time = 20 min, 
agitation rate = 200 rpm, temperature = 35°C. Data shown above represent the means 
of triplicates. Means with the same letter are statistically identical (One Way 
A N O V A followed by Tukey test, p<0.05) and the error bars represent the standard 
deviations. 
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Figure 4.26. The nP"" (a) REs and (b) RCs of different initial N P concentration. 
The experimental conditions: pH = 8, Ni^ "^  solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 750 mg (500 mg of chitin), retention time = 90 
min, agitation rate = 200 rpm, temperature = 35°C. Data shown above represent the 
means of triplicates. Means with the same letter are statistically identical (One Way 
A N O V A followed by Tukey test, p<0.05) and the error bars represent the standard 
deviations. 
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Figure 4.27. The Zn^^ (a) REs and (b) RCs of different initial Zn^^ concentration. 
The experimental conditions: pH = 7, Zn^^ solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 300 mg (200 mg of chitin), retention time = 60 
min, agitation rate = 200 rpm, temperature = 35°C. Data shown above represent the 
means of triplicates. Means with the same letter are statistically identical (One Way 
A N O V A followed by Tukey test, p<0.05) and the error bars represent the standard 
deviations. 
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Table 4.2. Summary of optimized conditions for three metal ions by M C A . 
M C A 
Parameters C ^ ^ Z ^ 
pH 6 8 7 
Adsorbent amounts (mg) 90 750 300 
(60 mg/ (500 mg/ (200 mg/ 
chitin) chitin) chitin) 
Adsorption time (min) 20 90 60 
Agitation rate (rpm) 200 200 200 
Temperature (°C) 35 35 35 
Initial Cu^ "" concentration (mg/L) 75 75 75 
RE (%) 91.67 83.16 95.26 
RC (mg/g) 56.71 ^ 18.68 
Market price (US$/kg) 45 (M) 45 (M) 45 (M) 
17.58(C) 17.58(C) 17.58(C) 
Cost Analysis (US$/mg of m2+) 4.7 x 10 ^ 41.9 x 10'^  14.3 x 10 ^ 
Table 4.3. Summary of optimized conditions for three metal ions by AC. 
A C 
Parameters C ^ 
pH 6 8 7 
Adsorbent amounts (mg) 700 1,200 1,000 
Adsorption time (min) 90 90 90 
Agitation rate (rpm) 200 200 200 
Temperature (°C) 40 45 45 
Initial Cu^ "" concentration (mg/L) 100 
RE (%) 89.16 93.69 91.27 
RC (mg/g) ^ ^ ^ 
Market price (US$/kg) 42.6 42.6 42.6 
Cost Analysis (US$/mg of M^^ ) 65.0 x 10 彳 114.2 x 10"* 94.5 x 10"* 
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Table 4.4. Summary of optimized conditions for three metal ions by CER. 
C^ 
Parameters Cu^^ Ni^ "^  Zn^^ 
pH 5 5 5 
Adsorbent amounts (mg) 70 70 80 
Adsorption time (min) 120 120 120 
Agitation rate (rpm) 200 200 200 
Temperature (。C) 25 20 20 
Initial Cu2+ concentration (mg/L) 100 ^ ^ 
RE (%) 93.36 93.62 96.20 
RC (mg/g) 74.84 75.17 68.20 
Market price (US$/kg) 94.9 94.9 94.9 
Cost Analysis (US$/mg of M^^ ) 12.7 x 10 ^ 12.6 x 10 彳 13.9 x 10 斗 
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(a) 10。1 — 
a • • Magnetite-immobilized chitin A (90 mg = 60 mg/chitin) 
•
• • i Activated carbon (60 mg) 
Cation exchange resin (60 mg) 
c 
Adsorbents 
(b) 60 1 — 
^ H i Magnetite-immobilized chitin A (90 mg = 60 mg/chitin) 
t ^ M Activated carbon (60 mg) 
50 . • • Cation exchange resin (60 mg) 
H I 1 
30-
j Li I 
Adsorbents 
Figure 4.28. The Cu^ "^  (a) REs and (b) RCs of different reference adsorbents. The 
experimental conditions: 
pH = 6, Cu2+ 
solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 90 m g (60 m g of chitin), Cu^ "^  concentration = 75 
mg/L, retention time = 20 min, agitation rate = 200 rpm，temperature = 35°C. Data 
shown above represent the means of triplicates. Means with the same letter are 
statistically identical (One Way A N O V A followed by Tukey test, p<0.05) and the 
error bars represent the standard deviations. 
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X 、 120 "1 i ^ B Magnetite-immobilized chitin A (300 mg = 200 mg/chitin) 
⑷ • • Activated carbon (200 mg) 
• • Cation exchange resin (200 mg) 
100 - a c 
JJ^ 
Adsorbents 
( b ) 25 1 wmm Magnetite-immobilized chitin A (300 mg = 200 mg/chitin) 
Activated carbon (200 mg) 
• • i Cation exchange resin (200 mg) 
20 _ a ^ ^ ^ ^ 
Adsorbents 
Figure 4.30. The Zn (a) REs and (b) RCs of different reference adsorbents. The 
experimental conditions: pH = 7, Zn^^ solution volume = 50 mL, amount of 
magnetite-immobilized chitin A = 300 mg (200 mg of chitin), Zn^^ concentration = 
75 mg/L, retention time = 60 min, agitation rate = 200 rpm, temperature = 35°C. 
Data shown above represent the means of triplicates. Means with the same letter are 
statistically identical (One Way A N O V A followed by Tukey test, p<0.05) and the 
error bars represent the standard deviations. 
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4.3.10 Adsorption isotherms 
The adsorption phenomenon of metal ions by M C A , A C and C E R was 
fitted the Langmuir and Freundlich adsorption isotherms. 
The Langmuir adsorption isotherms of Cu^^ by M C A , A C and C E R were 
determined by plotting Ce/qe against Cg (Figure 4.31a). The equations of isotherms 
obtained from the plots were given as follows: 
M C A : Ce/qe = 0.0188 Ce + 0.0386; 0.9984 (14) 
AC: Ce/qe = 0.1718 Ce + 0.0222; 0.9957 (15) 
CER: Ce/qe = 0.0112 Ce + 0.0649; 0.9995 (16) 
The Langmuir constants, qmax and b were obtained by solving the equations 
and are shown in Table 4.5. 
The Freundlich sorption isotherms of Cu by M C A , A C and C E R were 
determined by plotting In qe against In Cg (Figure 4.31b). The equations of isotherms 
obtained from the plots are given as follows: 
M C A : In qe = 0.2949 In Ce + 2.7225; 0.4294 (17) 
AC: In qe = 0.4801 In Ce +0.056; 0.6299 (18) 
CER: In qe = 0.3477 In Ce + 2.7319; r^  = 0.7476 (19) 
The Freundlich constants, k and 1/n were obtained by solving the equations 
and are shown in Table 4.5. 
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(a) 25 n 7 
/ Ce / qe = 0.1718 Cq + 0.0222 
20- J r^ = 0.9957 ^ ^ 
/ Ce / qe = 0.0188 Cg + O.Oasex"^ 
5 t Ce / qe = 0.0112 Ce +0.0649 
「2 = 0.9995 
0 - J P ^ MCA 
— A C 
Z / CER 
I I I • " • I . I I 
0 200 400 600 800 1000 1200 
Ce 
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•n qe = 0.3477 In Ce +2.7319 
5-「2 = 0.7476 • • ^^^J^^：：^：；；^^^^ 
：： 
3 = 0.2949 In Cg + 2 . 7 2 2 ^ ^ 
^ 2 • r^ = 0.4294 ^ ^ ^ ^ ^ 
_ . . • 
• ^ ^ In qe = 0.4801 In Ce + 0.056 
0 - ^ ^ ^ r^ = 0.6299 
, ^ ^ ^ MCA 
-1 - 參 一 A C 
CER 
-2 H 1 1 1 T"^  
-2 0 2 4 6 8 
In Ce 
Figure 4.31 The Langmuir adsorption isotherm (a) and Freundlich adsorption 
isotherm (b) of Cu�. adsorbed by M C A , A C and CER. The experimental conditions: 
Cu2+ solution volume = 50 mL, mass of M C A = 90 mg, A C = 700 mg and CER = 70 
mg, pH = 6, retention time = 1 h, agitation rate = 200 rpm, temperature = 25°C. Data 
shown above represent the means of triplicates. 
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Table 4.5. Summary of r^  and constants of (a) Langmuir and (b) Freundlich 
adsorption isotherms of the adsorption of three metal ions by M C A , A C and CER. 
(a) 
Metal ions Adsorbents Langmuir adsorption isotherm 
^ qmax (mg/g) b (L/mg) 
Cu2+ M C A 0.9984 53.19 0.49 
A C 0.9957 5.82 7.74 
C ^ 0.9995 89.29 ^ 
Ni2+ M C A 0.9258 49.02 0.009 
A C 0.9782 10.85 0.04 
C ^ 0.9975 72.46 
Zn2+ M C A 0.9997 23.58 0.52 
A C 0.9819 10.47 0.04 
C ^ 0.9959 66.67 12.50 
(b) 
Metal ions Adsorbents Freundlich adsorption isotherm 
r2 k 1/n 
Cu2+ M C A 0.4294 15.22 0.29 
A C 0.6299 1.06 0.48 
C ^ 0.7476 15.36 ^ 
Ni2+ M C A 0.9817 0.86 0.65 
A C 0.9678 0.70 0.52 
c m 0.7400 ^ 
Zn2+ M C A 0.7550 ^ 
A C 0.9522 0.74 0.42 
C ^ 0.6242 ^ 
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The Langmuir adsorption isotherms of Ni^^ by MCA, A C and CER were 
determined by plotting Ce/qe against Ce (Figure 4.32a). The equations of isotherms 
obtained from the plots were given as follows: 
M C A : Ce/qe = 0.0204 Ce + 2.2614; 0.9258 (20) 
AC: Ce/qe = 0.0922 Ce + 2.1153; 0.9782 (21) 
CER: Ce/qe = 0.0138 Ce + 0.029; 0.9975 (22) 
The Langmuir constants, qmax and b were obtained by solving the equations 
and are shown in Table 4.5. 
I 
The Freundlich sorption isotherms of Ni by M C A , A C and CER were 
determined by plotting In qe against In Ce (Figure 4.32b). The equations of isotherms 
obtained from the plots are given as follows: 
M C A : In qe = 0.6537 In Ce - 0.1475; r^  = 0.9817 (23) 
AC: In qe = 0.5231 In Ce - 0.3627; r^  = 0.9678 (24) 
CER: In qe = 0.3033 In Ce + 2.7827; r^  = 0.7400 (25) 
The Freundlich constants, k and 1/n were obtained by solving the equations 
and are shown in Table 4.5. 
The Langmuir adsorption isotherms of Zn^^ by M C A , A C and CER were 
determined by plotting Ce/qe against Ce (Figure 4.33a). The equations of isotherms 
obtained from the plots were given as follows: 
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M C A : Ce/qe = 0.0424 Ce + 0.0813; 0.9997 (26) 
AC: Ce/qe = 0.0955 Q + 2.1266; 0.9819 (27) 
CER: Ce/qe = 0.015 Ce + 0.0012; 0.9959 (28) 
The Langmuir constants, qmax and b were obtained by solving the equations 
and are shown in Table 4.5. 
The Freundlich sorption isotherms of Zn^ "^  by M C A , A C and C E R were 
determined by plotting In qe against In Ce (Figure 4.33b). The equations of isotherms 
obtained from the plots are given as follows: 
M C A : In qe = 0.2807 In Ce + 1.6932; r^  = 0.7550 (29) 
AC: In qe = 0.4819 In Ce - 0.307; r^  = 0.9522 (30) 
CER: In qe = 0.3054 In Ce + 2.6718; 0.6242 (31) 
The Freundlich constants, k and 1/n were obtained by solving the equations 
and are shown in Table 4.5. 
4.3.11 Dimensionless separation factor 
The effect of isotherm shape can be used to predict whether an adsorption 
system is favorable or unfavorable in batch processes (Webi et aL, 1974). The 
essential features of the Langmuir isotherm can also be expressed in terms of a 
dimensionless separation factor Ri, which was defined by Equation (7). From Table 
4.6, the Rl values calculated indicated that adsorption of all metal ions on M C A , 
C E R and A C were favorable (0 < < 1) for all initial metal ion concentrations. 
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(a) 30 . 7 
MCA /Cg I qe = 0.0922 +2.1153 
25- CER ji = 0.9782 
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^ 「2 = 0.9678 
I ^ ^  1 1 I I ( 
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Figure 4.32 The Langmuir adsorption isotherm (a) and Freundlich adsorption 
isotherm (b) of Ni^^ adsorbed by M C A , A C and CER. The experimental conditions: 
Ni2+ solution volume = 50 mL, mass of M C A = 750 mg, A C = 1,200 mg and CER = 
70 mg, pH = 8, retention time = 1 h, agitation rate = 200 rpm, temperature = 25°C. 
Data shown above represent the means of triplicates. 
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Figure 4.33 The Langmuir adsorption isotherm (a) and Freundlich adsorption 
isotherm (b) of Zn】. adsorbed by M C A , A C and CER. The experimental conditions: 
Zn2+ solution volume = 50 mL, mass of M C A = 300 mg, A C = 1,000 m g and C E R = 
80 mg, pH = 7，retention time = 1 h, agitation rate = 200 rpm, temperature = 25°C. 
Data shown above represent the means of triplicates. 
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Table 4.6. Summary of the mean values of Ri for dimensionless separation factor 
of the adsorption of three metal ions by M C A , A C and CER. 
Metal ions Adsorbents Dimensionless separation factor 
b (L/mg) Means of i^ L 
Cu2+ M C A 0.49 0.0650 
A C 7.74 0.0051 
C ^ 0.1419 
Ni2+ M C A 0.009 0.5450 
A C 0.04 0.3105 
C ^ ^ 0.0656 
Zn2+ M C A 0.52 0.0614 
A C 0.04 0.3105 
C ^ 12.50 0.0031 
4.3.12 Kinetic parameters of adsorption 
It is important to be able to predict the rate at which contamination is 
removed from aqueous solution for designing an adsorption treatment plant. In order 
to analyze the adsorption kinetics of metal ions, three kinetic models, which are the 
pseudo-first-order, pseudo-second-order and intraparticle diffusion have been applied 
for the experimental data. 
The plots of log (^ eq — qd versus t for the pseudo-first-order equation are 
shown in Figures 4.34-4.36. The plots of linear form of the pseudo-second-order 
(Figures 4.374.39) for the adsorption of three metal ions were obtained. The kinetic 
parameters for the adsorption of three metal ions on M C A are given in Table 4.7. 
It was because all the correlation coefficients for the pseudo-first-order 
model were lower than that of the pseudo-second-order model. This implied that the 
adsorption of metal ions on M C A did not follow the pseudo-first-order kinetic model. 
'N I 
The correlation coefficients obtained for Cu were greater than 0.9998 or equal to 1 
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for the pseudo-second-order model. The correlation coefficients obtained for Ni^ "^  
were greater than 0.9997 or equal to 1 for the pseudo-second-order model. The 
correlation coefficients obtained for Zn^ "^  were greater than 0.9994 or equal to 0.9999 
for the pseudo-second-order model. 
The kinetic results were then analyzed by using the intraparticle diffusion 
model. From the results (Figures 4.40 - 4.42), all best-fit straight lines did not pass 
through the origin. The correlation coefficients, r , for the intraparticle diffusion at 
different initial concentrations did not exceed the values of 0.7682 for Cu^^ 0.8447 
for n P and 0.8983 for Zn2+ (Table 4.8). 
Table 4.7. Kinetic parameters for three metal ions adsorption on M C A at various 
initial concentrations. 
Metal Initial Pseudo-first-order Pseudo-second-order 
ions concentration k\ r^  k) ^eq r^  
(mg/L) (min'') (g/mg/min) (mg/g) 
Cu2+ ^ 0.1078 0.9788 0.0956 iA41 1 . 0 0 0 0 ~ 
40 0.0797 0.9349 0.1275 30.03 1.0000 
80 0.1124 0.9676 0.1132 45.87 1.0000 
60 0.1156 0.9778 0.0127 61.35 1.0000 
0.0385 0.9783 0.0025 75.76 0.9998 
Ni2+ Yo 0.1186 0.9893 0.9309 0.9999 
40 0.0341 0.9694 0.4316 3.31 1.0000 
80 0.0212 0.9149 0.1267 5.01 0.9999 
60 0.0177 0.8892 0.0653 6.51 0.9998 
0.0244 0.9422 0.0417 8.09 0.9997 
Zn2+ ^ 0.0403 0.9283 0.1195 0.9999 
40 0.0246 0.9271 0.0156 19.69 0.9998 
80 0.0207 0.9317 0.0058 25.58 0.9994 
60 0.0175 0.9341 0.0033 27.32 0.9990 
0.0221 0.9778 0.0033 26.81 0.9996 
107 
2.0 -| 
1.5 - - - - ^ 
1.0 - “ 
書。。^ 
-0.5 -
O 40 mg/L 
-1.0 - • 60 mg/L 
A 80 mg/L ^ ^ 
• 100 mg/L 
-1.5 H 1 — I 1 1 I I 
0 5 10 15 20 25 30 35 
f (min) 
Figure 4.34. Pseudo-first-order kinetic plots for the adsorption of Cu^^ on M C A at 
various Cu initial concentrations. 
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Figure 4.35. Pseudo-first-order kinetic plots for the adsorption of Ni^^ on M C A at 
various Ni^^ initial concentrations. 
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Figure 4.36. Pseudo-first-order kinetic plots for the adsorption of Zn^^ on M C A at 
various Zn^ "^  initial concentrations. 
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Figure 4.37. Pseudo-second-order kinetic plots for the adsorption of Cu^ "^  on M C A 
at various Cu:. initial concentrations. 
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Figure 4.38. Pseudo-second-order kinetic plots for the adsorption of n P on M C A 
at various Ni^"*" initial concentrations. 
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Figure 4.39. Pseudo-second-order kinetic plots for the adsorption of Zn on M C A 
at various Zn:. initial concentrations. 
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Figure 4.40. Plots of intraparticle diffusion model for the adsorption of Cu2+ on 
M C A at 
various Cu initial concentrations. 
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Figure 4.41. Plots of intraparticle diffusion model for the adsorption of Ni^^ on 
M C A at various Ni^ "^  initial concentrations. 
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Figure 4.42. Plots of intraparticle diffusion model for the adsorption of Zn^^ on 
M C A at various Zn^^ initial concentrations. 
Table 4.8. Kinetic parameters for three metal ions adsorption on M C A at various 
initial concentrations. 
Metal ions Initial concentration Intraparticle diffusion model 
(mg/L) ^ r^  
Cu2+ 20 0.1604 0.5253 
40 0.1548 0.4857 
80 0.3018 0.4220 
60 1.0753 0.5107 
2.5093 0.7682 
Ni2+ 20 0.0043 0.2400 
40 0.0257 0.6590 
80 0.0607 0.7653 
60 0.1016 0.8092 
0.1462 0.8447 
Zn2+ 20 0.1155 0.5021 
40 0.5073 0.7027 
80 0.9289 0.8246 
60 1.2008 0.8858 
^ 1.1414 0.8983 
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4.3.13 Thermodynamic parameters of adsorption 
The thermodynamic parameters of A//° and AS° are obtained from the plot 
of In Ka versus \/T and were shown in Figures 4.43, 4.44 and 4.45 for Cu^ "^ , Ni^^ and 
Zn2+ respectively. The Gibbs free energies (AG°) were calculated form Equation (7) 
and the results are given in Table 4.9. The negative values of AG° of all temperatures 
obtained for all three metal ions. The positive value of A//° indicated that the 
adsorption of Cu^^ on M C A was an endothermic process. While the negative value of 
A//° indicated that the adsorption of Ni^^ and Zn^^ on M C A was an exothermic 
process. The positive value of AS° obtained from the adsorption of Cu^^ showed that 
the increasing randomness at the solid/liquid interface during the adsorption process. 
The negative value of AS° obtained from the adsorption ofNi^^ and Zn^^ showed that 
the decreasing randomness at the solid/liquid interface during the adsorption process. 
1% I I I 
4.4 Recovery of Cu，Ni and Zn from metal ion-laden MCA 
4.4.1 Performances of various solutions on metal ion recovery 
Various solutions were examined to recover the adsorbed metal ions from 
M C A effectively. They included 0.1 M hydrochloric acid (HCl, Univar) with pH 1.05, 
0.1 M sulfuric acid (H2SO4, RDH) with pH 1.00，0.1 M nitric acid (HNO3, RDH) 
with pH 1.10，0.1 M citric acid (CgHsO?, RDH) with pH 1.98 and 0.1 M 
ethylenediaminetetraacetic acid (EDTA, BDH) with pH 4.45. 
The results are shown in Figure 4.46. It was found that, for all three metal 
ions, the five different desorption solutions showed a good performance towards 
metal ion recovery. The calculated ReCs were all reached 100% and some were 
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Figure 4.43. A plot of In K^ versus \/T for estimation of thermodynamic parameters 
for the adsorption of Cu on M C A . 
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Figure 4.44. A plot of In Ka versus \/T for estimation of thermodynamic parameters 
for the adsorption ofNi^ "^  on M C A . 
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Figure 4.45. A plot of In Ka versus \/T for estimation of thermodynamic parameters 
for the adsorption of Zn^^ on M C A . 
Table 4.9. Thermodynamic parameters calculated from the Langmuir constant (JQ 
for the adsorption of metal ions on M C A . 
Metal ions Temperature (。K) AG。（kJ/mol) AfF (kJ/mol) A^°(J/K/mol) 
Cu2+ 303 -18.50 
313 -20.14 55.41 243.78 
^ -21.62 
m -16.11 
313 -14.90 -38.44 -73.68 
^ -13.95 
Zn2+ 303 -23.25 
313 -21.48 -55.09 -105.11 
^ -20.16 
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H I 0.1 M HCl (pH = 1.15) 
H i 0.1 M H2SO4 (pH = 1.00) 
^ m O.IMHNO3 (pH = 1.10) 
I I 0.1 M Citric acid (pH : 1.98) 
• • 0.1 M EDTA (pH : 4.45) 
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Figure 4.46. The Recovery efficiency, ReE (%) of different desorption solutions. 
The experimental conditions: pH = 6 (for Cu^^), pH = 8 (for Ni^ )^, pH = 7 (for Zn^ )^, 
metal ion solution volume = 50 mL, amount of M C A = 90 mg (for Cu^ "^ ), 750 m g 
(for Ni2+), 300 m g (for Zn^ )^, initial metal ion concentration = 75 mg/L, retention 
time = 30 min, agitation rate = 200 rpm, temperature = 35°C. Data shown above 
represent the means of triplicates. Means with the same letter are statistically 
identical (One Way A N O V A followed by Tukey test, p<0.05) and the error bars 
represent the standard deviations. 
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Table 4.10 showed the final desorption pH of various solutions of three 
metal ions after recovery process. It was found that the pHs of the mixture solution 
were significantly decreased for those organic and inorganic acids (HCl, H2SO4, 
HNO3 and C6H8O7). While for EDTA, the decrease in pH was not as much as the 
others. 
4.4.2 Multiple adsorption and desorption cycles of metal ions 
Batch type multiple adsorption and desorption cycles of metal ions by 
M C A were determined. Based on the results of metal ion recovery from metal ion 
laded M C A , 0.1 M EDTA, was employed for multiple adsorption and desorption 
cycles. The results are shown in Figures 4.47，4.48 and 4.49 for Cu2+，Ni^ "^  and Zn^ "^  
respectively. 
When comparing the Cu RCs in three adsorption and desorption cycles, a 
I 
drastic reduction was observed after the first cycle. The Cu RC dropped from 57.12 
mg/g in the first cycle to 14.56 mg/g in third cycles (Figure 4.47). Similar patterns 
were found in the case of Zn^^, but the reduction was smaller. The RC dropped from 
14.74 mg/g in the first cycle to 8.35 mg/g in third cycles (Figure 4.49). 
On the other hand, the Ni】— RCs in the three adsorption and desorption 
cycles were 5.92, 6.13 and 6.05 mg/g respectively (Figure 4.48). This showed that 
the adsorption ability of M C A towards Ni^ "^  removal was not affected after three 
cycles. 
When comparing ReEs of the three metal ions in the three adsorption and 
desorption cycles, nearly 100% could be achieved and all the metal ions were 
recovered after each cycle. 
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Table 4.10. The desorption pH of solution and metal ion-laden M C A mixtures. 
Desorption solutions C ^ ^ Z ^ 
Initial pH Final pH 
HCl 1.05 1.21 1.73 1.29 
H2SO4 1.00 1.06 1.29 1 . 10 
HNO3 1 . 10 1.20 1.63 1.27 
C6H8O7 1.98 2.23 3.03 2.53 
EDTA ^ ^ ^ ^ 
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Figure 4.47. The Cu�— removal and recovery capacities of M C A in three adsorption 
and desorption cycles. The experimental conditions: pH = 6, metal ion solution 
volume = 50 mL, amount of M C A = 90 mg (60 mg of chitin A), initial metal ion 
concentration = 75 mg/L, retention time = 30 min, agitation rate = 200 rpm, 
temperature = 35。C and 0.1 M EDTA. Data shown above represent the means of 
triplicates. Means with the same letter are statistically identical (One Way A N O V A 
followed by Tukey test, p<0.05) and the error bars represent the standard deviations. 
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Figure 4.48. The Ni^^ removal and recovery capacities of M C A in three adsorption 
and desorption cycles. The experimental conditions: pH = 8, metal ion solution 
volume = 50 mL, amount of M C A = 750 mg (700 mg of chitin A), initial metal ion 
concentration = 75 mg/L, retention time = 30 min, agitation rate = 200 rpm, 
temperature = 35°C and 0.1 M EDTA. Data shown above represent the means of 
triplicates. Means with the same letter are statistically identical (One Way A N O V A 
followed by Tukey test, p<0.05) and the error bars represent the standard deviations. 
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Figure 4.49. The Zn^^ removal and recovery capacities of M C A in three adsorption 
and desorption cycles. The experimental conditions: pH = 7, metal ion solution 
volume = 50 mL, amount of M C A = 300 mg (200 mg of chitin A), initial metal ion 
concentration = 75 mg/L, retention time = 30 min, agitation rate = 200 rpm, 
temperature = 35°C and 0.1 M EDTA. Data shown above represent the means of 
triplicates. Means with the same letter are statistically identical (One Way A N O V A 
followed by Tukey test, p<0.05) and the error bars represent the standard deviations. 
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5. Discussions 
5.1 Immobilization of chitin A by magnetite 
5.1.1 Effect of chitin A to magnetite ratio 
Immobilization of chitin on magnetite is a passive process. From Figure 
4.1, the immobilization efficiency (IE) decreased as the portion of chitin A increased 
from 1:0.5 to 1:8. Since excessive chitin could not be immobilized on the limited 
amount of magnetite, increasing the amount of chitin A would cause a lower 
performance on the immobilization process. This effect could be clearly shown in 
Plate 4.1. When more chitin A was applied, more chitin A was left on the filter paper 
after immobilization. For the immobilization capacity (IC), it was increased when the 
portion of chitin A increased. It was because when more chitin was added, a higher 
probability of contact between chitin and magnetite could be occurred and there were 
excess binding site for chitin to attach with magnetite (Wang et al., 2000). Finally, 
the ratio of 1:2 was selected because the IE remained stable with a high efficiency 
during the eight cycles. Also, less magnetite was used to immobilize the highest 
amount of chitin that would not affect the IE, which can save the cost of using 
magnetite. 
5.1.2 Effect of amount of chitin A and magnetite in a fixed ratio 
The results showed that, increasing the amount of both chitin and 
magnetite in a fixed ratio could not affect both lEs and ICs and all lEs remained at a 
high level (around 100%) (Figure 4.2). This proved that there were enough binding 
sites for chitin A to contact with magnetite in such a m:c ratio (1:2). So, it could be 
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concluded that mass production of M C in a large amount was feasible. 
5.1.3 Effect of pH 
Increasing the pH value from 2 to 10 did not have significant effect on both 
lEs and ICs. It was suggested that electrostatic interaction such as ionic bonding 
might not be the major mechanism of chitin immobilization by magnetite. Moreover, 
chitin immobilization in terms of IE and IC showed better performance at unadjusted 
pH than at any conditions (acidic, neutral or alkaline) involved pH adjustment. From 
the economical point of view, immobilization performed at unadjusted pH (about pH 
6) would be the most economical as it save the cost of acid and alkali. 
5.1.4 Effect of immobilization time 
The kinetics of chitin immobilization by magnetite was determined. It was 
found that the IE and IC increased rapidly and started to level off after 5 min. So, the 
uptake of chitin A by magnetite was a rapid process. Stable chitin A and magnetite 
mixture could be formed as quickly as 5 min and no significant changes from 10 to 
120 min. Although extremely short contact time was enough for the immobilization 
occurred, longer time, that was 60 min, would be selected for the mass production of 
magnetite-immobilized chitin. This could ensure the M C A produced with a high 
stability and quality. 
5.1.5 Effect of temperature 
From the results, increasing the temperature did not have significant effect 
on both lEs and ICs. As a result, immobilization performed at room temperature 
(25+2°C) is the most economical and feasible as it saves the cost and energy. Thus, 
25°C was selected for optimal temperature. 
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5.1.6 Effect of agitation rate 
From the results, it was found that the lEs and ICs increased from 0 to 200 
rpm and started to level off after 200 rpm. So, mixing was absolutely required for 
immobilization to achieve 100% IE. And 200 rpm was selected as it was the lowest 
agitation rate that can achieve 100% IE which could save more energy. 
5.1.7 Effect of salinity 
When increasing the concentration of NaCl from 0 to 30 ppt, both lEs and 
ICs had no significant changes and all lEs remained around 100%. This was 
suggested that the ionic strength could not affect the interaction between the chitin 
and magnetite during immobilization. Thus, salinity was not the factor that can affect 
the immobilization performance in this case. As a result, unadjusted matrix can be 
applied for the production of M C A . 
5.2 Batch adsorption experiment 
5.2.1 Screening of adsorbents 
The metal ions (Cu^^, Ni^^ and Zn^^) adsorption efficiencies were 
compared and screened by chitin A, chitin B, chitin C，magnetite-immobilized chitin 
A, magnetite-immobilized chitin B and magnetite-immobilized chitin C. The results 
were shown in Figure 4.8. Generally, the order of adsorption affinity of metal ions 
towards these adsorbents was as follow: Cu^^ > Zn^^ > Ni^^. Pure chitin A and chitin 
B showed similar REs and RCs for three metal ions with no significant differences. 
This showed that chitin A and chitin B had similar adsorption ability towards three 
metal ions. However, chitin C showed the lowest REs and RCs for all metal ions. As 
some previously studies stated that the depolymerization process, which was 
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accomplished by cleavage of glycosidic linkages, affected the metal ion adsorption 
ability of biosorbent (Coughlin et al., 1990). Thus, chitin C showed a lower REs and 
RCs when compared to others. Magnetite-immobilized chitin A, B and C showed 
similar REs and RCs when compared with pure chitin A, B and C. This proved the 
absorption ability of chitin would not be affected after the immobilization of 
magnetite. Finally, chitin A was selected for the further investigation as fewer 
treatments were required when comparing with chitin B and chitin C which could be 
lower the production cost. 
On the other hand, some other reference adsorbents such as magnetite 
(M), activated carbon (AC) and cation exchange resin (CER) were used for the 
comparison. The results were shown in Figure 4.9. The order of REs and RCs was as 
follow: CER » A C » M. In addition, no metal ions were being adsorbed by 
magnetite and relative low REs and RCs were obtained by activated carbon. This 
showed magnetite had no adsorption effect on adsorption of metal ions and this 
would confirm chitin A still played an important role in the adsorption of metal ions 
after the production of M C A . On the other hand, higher dose of A C was required in 
the further experiment as the examined REs and RCs were low for all metal ions. The 
highest REs and RCs were obtained by using CER. This proved that CER has good 
removal ability on metal ions by ion exchange process. 
Based on the results, magnetite-immobilized chitin A (MCA), A C and 
CER were chosen to be used for further investigation. 
5.3 Optimization of physicochemical conditions on Cu ，Ni 
and Zn2+ adsorption by MCA, AC and CER 
The effects of several physicochemical conditions (including equilibrium 
pH, amount of adsorbent, retention time, agitation rate, temperature and initial 
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concentration of metal ion) on the adsorption three metal ions by M C A , A C and C E R 
were determined. After optimizing these parameters, the cost-effectiveness of the 
biosorption process by M C A could be maximized. 
5.3.1 Effect of equilibrium pH 
The pH of solution has been proven as the most important variable 
governing metal ions adsorption onto adsorbent because hydrogen ions (H+) were 
strongly competing with metal ions (Ozcan et al., 2005). It can be observed that, for 
M C A on all metal ions, both REs and RCs increased with pH. Since, in lower pH 
range, there is a competition between H+ and positive charged metal ions for 
adsorption at the ion-exchangeable sites (amino and hydroxyl groups) (NH2" and 
OH"), which leading to a low removal of metal ions (Figures 4.10 to 4.12). Moreover, 
at low pH values, the surface of M C A would also be surrounded by H+, which 
decreased the positive charged metal ions interaction with binding sites of M C A by 
greater repulsive forces. As the pH increased, the overall surface on the M C A 
became negative and adsorption increased. The maximum adsorption at pH 7-8 may 
be attributed to the partial hydrolysis of M+, resulting in the formation of M O H + and 
M(0H)2. M(0H)2 in precipitate form, would be adsorbed to a greater extend on the 
non-polar adsorbent surface compare to MOH+, leading to enhance the metal 
adsorption (Periasamy et cd” 1995). 
For Cu2+’ additional experiments would be performed at a pH range around 
6-6.5, however, pH 6.5 was too close to the precipitation point of Cu^^. As a result, 
pH 6 was more preferable to be selected. While for Zn^ "^  and Ni^ "^ , pH 7 and 8 were 
more preferable to be selected respectively with the same reason. 
For AC, in Zn^^ and N p , both REs and RCs increased with pH. Thus, the 
same explanations could be applied as the case in M C A . Further experimental runs 
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would be performed at pH 7.5 and 8 respectively because the highest REs achieved 
in these pH intervals without any precipitation occurred. However, in Cu^ "^ , as the 
change in pH did not have any significant effects on the adsorption of Cu^ "^ , pH 6 
was selected which can reduce the cost of any additional acid or alkaline solutions. 
For CER, both REs and RCs decreased constantly when pH increased in all 
the cases studied. This result showed that acidic environment, like pH 5, with the 
high availability of H+ was needed for C E R to exchange with positive metal ions in 
this case. As a result, pH 5 was selected for all three metal ions. 
5.3.2 Effect of amount of adsorbent 
Adsorbent dosage is an important parameter because this factor affects the 
capacity of an adsorbent for a given initial concentration of the adsorbate. The effect 
I 
of adsorbent dosage on Cu removal was illustrated in Figure 4.13. From the results, 
for both M C A and CER, the RE increased drastically with increasing amounts of 
adsorbents. The efficiencies of adsorption were increased because the availability of 
I 
more binding sites for the complexation of Cu . In contrast, the REs increased 
relatively slowly with increasing the amounts of AC. This explained that the 
efficiency of removing Cu^^ by A C was much lower as high dose of A C was needed. 
On the contrary, all RCs decreased significantly with increasing the dose of 
adsorbents was basically due to adsorption sites remaining unsaturated during the 
adsorption reaction (Bulut and Aydyn, 2006). Moreover, it was believed that excess 
adsorbents were added, which produced a screening effect on the dense outer layer of 
adsorbents (Wang et al., 2000). Thus, some binding sites would be protected and the 
effectiveness of adsorption would be reduced. In addition, the highest RC (70.57 
mg/g) obtained when a relative low adsorbent concentration was applied (90 m g of 
M C A = 6 0 m g of chitin). It can be explained that reduction of concentration of 
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adsorbent minimizes the electrostatic interaction between M C A . Therefore, more 
metal ions can be adsorbed per until gram of M C A . This improved the binding 
efficiencies of copper ions on the active sites of M C A . By consideration of both RE 
and RC, 90 m g of M C (60 m g of chitin), 60 m g of CER and 800 m g of A C were 
selected for further Cu^ "^  adsorption experiments. 
Similar phenomenon could be observed for both Ni^ "^  and Zn^^. For NP^, 
by consideration of both RE and RC, 750 m g of M C A (500 m g of chitin), 70 m g of 
C E R and 1,200 m g of A C were selected for further Ni^^ adsorption experiments. For 
Zn2+, by consideration of both RE and RC, 300 mg of M C A (200 m g of chitin), 80 
m g of C E R and 1,000 m g of A C were selected for further Zn adsorption 
experiments. 
5.3.3 Effect of retention time 
Generally, from Figures 4.16, 4.17 and 4.18, two phases could be divided. 
The rapid initial phase followed by a slow secondary phase (DiVincenzo and Sparks, 
1997). The uptake of metal ions was fast and gave a steep increase of RE and RC. 
The binding sites are fully exposed to metal ion solution. This phase can be called 
physical adsorption, which can be considered as surface binding and usually a fast 
adsorption step. For slow secondary phase, the rate of increase of RE and RC became 
slower and nearly get equilibrium after a long study period. Since the sites were 
occupied by other metal ions, steric hindrance would occur and interfere the binding. 
This step of adsorption needs relatively high energy to adsorb metal ions. As a result, 
both RE and R C increased slowly and reached a steady state after a long period. 
In order to select the optimized adsorption time, cost would be one of the 
considerations besides RE and RC. It would not be cost-effective to treat effluents for 
a long period of time. Energy supplied for agitation and time for treatment process 
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would increase the cost. 
For the case of Cu^^, although a little bit more copper ions could be 
removed (88%) by lengthening the adsorption time of 120 min, it was not 
recommended to remove less than 10% more of Cu^^ by prolonging the time for 100 
min more when compared to the adsorption performance in 20 min (80.62%). As a 
result, 20 min was selected. 
Using similar parameters, for M C A , optimal retention time of 90 and 60 
min were selected for Np"^ and Zn^^ respectively. While for AC, optimal retention 
time of 90 min was selected for all metal ions. While for CER, optimal retention time 
of 120 min was selected for all metal ions. The reason for applying longer time to 
C E R was due to the high density of C E R which could not be fully suspended in the 
working solution. As a result, a longer time was needed. 
5.3.4 Effect of agitation rate 
Agitation rate provides a better contact and increases the chance between 
the metal ion and adsorbents. Hence, increasing shaking rate advanced the adsorption 
process. From Figures 4.19 to 4.21, the maximum RE and RC achieved at 300 rpm 
for all three cases. However, increase in agitation rate inevitably increased the 
operational cost. When the agitation rates increased from 100 to 200 rpm, there were 
significant increases of both REs and RCs. As a result, 200 rpm was selected for 
optimal condition for all the three adsorbents for all three metal ions. 
5.3.5 Effect of temperature 
From Figures 4.22 to 4.24, it was found that temperature could greatly 
affect the removal efficiency for both M C A and A C in all three metal ions. Some 
authors reported that the increase in adsorption with temperature may be attributed to 
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either the increase in the number of active sites available for adsorption on the 
adsorbents or the decrease in the thickness of the boundary layer surrounding the 
adsorbent with temperature, so that the mass transfer resistance of metal ion in the 
boundary layer decreases (Meena et al., 2005). Thus, the diffusion rate of metal ions 
in the external mass transport process increased with temperature. This phenomenon 
could be named as "selling effect". Increasing the temperature might produce a 
selling effect within the internal structure of M C A or A C which enabling metal ions 
to penetrate further (Ho et al., 2002). 
However, for CER, the temperature effect showed a less enhancement on 
adsorption capacity compared with M C A and AC. One of the reasons was that the 
removal process of metal ions by CER was mainly due to the chemical exchange 
reaction (M^ "^  replace H+). In contrast, the removal process of metal ions by M C A 
and A C can be contributed to both physical and chemical process in natural. For 
example, the pores that exist on M C A and A C (physical) and the chemical bonding 
of forming complex on the adsorbents surface (chemical). Both reactions could 
increase the adsorption rate when the temperature increased. As a result, the effect of 
temperature could be more obvious on the adsorption performance by both M C A and 
AC. 
Finally, 35, 40 and 25°C were selected respectively for further adsorption 
experiments by M C A , A C and C E R for Cu^^. Moreover, 35, 45 and 20。C were 
selected respectively for further adsorption experiments by M C A , A C and C E R for 
Ni2+ and 
5.3.6 Effect of initial metal ion concentration 
Generally, the REs all decreased in the three cases when the initial metal 
ion concentration increased as there was saturation of binding sites for a higher metal 
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ion concentration. About RCs, they were increased consistently and linearly in lower 
metal ion concentration range and then decreased for M C A and leveled off for C E R 
and further increased for A C when metal concentration further increased. At lower 
metal ion concentration, RC increased rapidly because more metal ions can subject to 
the adsorption. However, the RC decreased when Cu^^ concentration was further 
increased. It was because the fixed amounts of adsorbents were used. Therefore, the 
binding sites on adsorbents were fixed and further increase in metal ion 
concentration caused the saturation of binding sites which caused the decease in R C 
for M C A or remain steady in RC for C E R (Lau, 2000; Tsui, 2000). However, the 
increase in R C for A C which could indicate that the binding sites were not yet 
saturated as a relatively high dose of A C was used. 
Finally, by considering both REs and RCs, initial metal ion concentration 
of 75, 100 and 100 mg/L were selected for M C A , A C and C E R respectively in all 
three metal ions. 
5.3.7 Summary of optimized conditions for three metal ions 
The optimized conditions and relative REs and RCs for the removal of 
three metal ions by M C A , A C and CER were summarized in Tables 4.2 to 4.4. 
Generally, in the case of three metal ions, the adsorption performance was in the 
order of CER, M C A and AC. The RCs ranged from 68.20 to 75.17 mg/g, 6.38 to 
56.71 mg/g and 3.73 to 6.55 mg/g for CER, M C A and A C respectively. This showed 
that C E R has the highest removal ability towards metal ions as the presence of 
sulfonic acid group which favoured the ion exchange process. Thus, C E R was still 
commonly used for wastewater treatment without the consideration of its price. 
However, M C A was still effectively for the removal of metal ions when compared to 
other new developed adsorbents in term of qmax which would be mentioned in 
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Section 5.3.10. The A C showed extremely low performance towards metal ions 
removal. Usually, A C has a high ability in removing organic pollutants. 
Different adsorbents showed different adsorption affinities towards these 
three metal ions. For M C A and AC, when comparing the RCs under optimized 
conditions, the adsorption affinity was: Cu】.> Zn^^ > Ni�.. While for CER, the 
adsorption affinity was: Ni^ "" ~ Cu^^ > Zn^ "". 
First of all, Cu^^ always showed a higher affinity towards adsorption by 
many different adsorbents such as chitin. The preferential binding observed for Cu^^ 
over the other two metal ions could be explained by the following findings. The 
binding affinities observed resemble, in some aspect, the Irvin—Williams sequence 
where Cu2+ has a higher coordination affinity with oxygen containing ligands. 
Therefore, a metal that has a higher affinity for carboxylate ligands should bind in 
greater quantities in an environment that contains many available carboxylate groups 
(Gardea-Torresdey et al., 1999). In the same time, carboxyl and amine groups 
presented in M C A were also responsible for binding metal ion and thus the M C A has 
oxygen containing ligands. Similar findings for metal binding to carboxylic acids 
were observed (Peterson, 1985). This further indicated the importance of the 
carboxyl ligand for metal binding by M C A in this case. 
About the order of adsorption affinity (Cu^^ > Zn^^ > Ni�.) which observed 
by M C A and AC, this could be explained by the ionic radii of metal ions. According 
to C R C Handbook (Lide and Frederikse, 1998)，the ionic radii ofCu^ "", Zn^ "" and Ni^^ 
were 0.71, 0.74 and 0.83人 respectively. This showed that when increasing the ionic 
radius, the adsorption affinity of metal ions by M C A and A C would decrease. It was 
because when increasing the ionic radius, the charge density of a metal ion would be 
decreased (Trivedi et al, 2001). This decreased the attraction between the positive 
charged metal ions and electron. As a result, the adsorption affinity would be 
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inversely proportional to the ionic radius of a metal ion. In this study, the Ni^^ has the 
longest ionic radius which showed the least adsorption affinity towards M C A and AC. 
On the other hand, the Cu^^ has the shortest ionic radius which showed the most 
adsorption affinity towards M C A and AC. 
In the case of CER, the order of adsorption affinity was different from 
M C A and AC, which was Ni^^ ~ Cu^^ > This could be explained by the ion 
exchange nature of C E R towards metal ion removal. According to C R C Handbook 
(Lide and Frederikse, 1998), the electronegativity of Np^, Cu2+ and Zn^^ were 1.91, 
1.90 and 1.65 respectively. This showed that when increasing electronegativity, the 
adsorption affinity of metal ions by CER would also increase. It was because the 
higher the electronegativity of a metal ion, the stronger the attraction between the 
sulfonic acid group in C E R and the metal ion which resulted in higher adsorption 
ability (Trivedi et al, 2001). As a result, the adsorption affinity would be directly 
proportional to the electronegativity of a metal ion. In this study, the Ni^^ and Cu^^ 
had almost the same electronegativity which showed similar adsorption affinity 
towards CER. On the other hand, the Zn^^ has the weakest electronegativity which 
showed the least adsorption affinity towards CER. 
5.3.8 Cost analysis of metal ion removal by three adsorbents 
In order to compare the cost-effectiveness of using M C A as an adsorbent in 
wastewater treatment, the market price of M C A , A C and C E R was found and a cost 
analysis of the removal of three metal ions by M C A , A C and CER were done and 
summarized in Tables 4.2 to 4.4. As mentioned in the introduction part, it was 
expensive to use A C or C E R for treating metal ions in wastewater. It was found that 
the market prices of magnetite (US$ 45/kg) and chitin A (US$ 17.58/kg) were lower 
than that of A C (US$ 42.6/kg) and C E R (US$ 94.9/kg). After the cost analysis, for 
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example, in Cu^^ adsorption, only US$ 0.00047 was needed to treat 1 m g of Cu2+. 
However, there were 14 and 3 times more of cost required when using A C (US$ 
0.00419) and C E R (US$ 0.00143) respectively in Cu^ "" adsorption. This showed that 
M C A was a cost-effective adsorbent to be used in metal ion removal for wastewater 
treatment. 
5.3.9 Performance of reference adsorbents (AC and CER) 
The performance of reference adsorbents, A C and CER, was compared 
with the optimized conditions for the removal of three metal ions by M C A . The 
results were shown in Figure 4.28 (Cu2+), Figure 4.29 (Ni^ )^ and Figure 4.30 (Zn^ )^. 
From the results, generally, M C A showed a much better adsorption performance than 
I ' J , 
that of A C among three metal ions. For CER, except in Cu and Zn , the adsorption 
performance in Ni^^ was still better than that in M C A . This was mainly due to the 
higher dosage of M C A applied for Ni�— removal. This showed that M C A could be a 
good alternative of adsorbents to A C and C E R in terms of low price and good 
adsorption ability. 
5.3.10 Adsorption isotherms 
The adsorption isotherms are one of the most important data to understand 
the mechanism of the adsorption. In this study, the experimental data were modeled 
by using Langmuir and Freundlich isotherms. The values 如皿，办，K and \ln were 
summarized in Table 4.5. The related correlation coefficients (r^  values) were also 
given in the same table. As seen from Table 4.5, the Langmuir equation represents 
the adsorption process very well, in which, the r^  values were all higher than that for 
Freundlich equation and showed a very good mathematical fit. Since the Langmuir 
equation assumed that the surface was homogeneous, this experimental data reflected 
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that the adsorption process was due to homogeneous distribution of active sites on 
adsorbents' surface. However, there was one exceptional case. The r^  value obtained 
in Ni2+ by M C A was higher in Freundlich equation (0.9817) than that in Langmuir 
equation (0.9258). This indicated that the adsorption process was due to 
heterogeneous distribution of active sites on adsorbents' surface more than 
homogeneous distribution, but both distributions were existed together in the system. 
Similar finding was obtained in Tsui, 2000. 
In addition, from Table 4.5, the maximum adsorption capacities (《max) for 
Cu2+ on M C A , A C and CER were found to be 53.19, 5.82 and 89.29 mg/g, 
respectively. While the ^max for Ni^^ on MCA, A C and CER were found to be 49.02, 
I 
10.85 and 72.46 mg/g, respectively and the qm&x for Zn on M C A , A C and CER 
were found to be 23.58, 10.47 and 66.67 mg/g, respectively. When comparing among 
the three adsorbents, CER showed the highest《max for all three metal ions and then 
followed by M C A and AC. However, when comparing the ^ max for three metal ions 
on M C A with other newly developed adsorbents, they were higher in this study. The 
•max obtained by other studies were summarized in Table 5.1. From this table, we 
could find that M C A showed a good adsorption performance towards these three 
metal ions with relative high maximum adsorption capacities. 
For Freundlich isotherm, A： is a constant that shows adsorption capacity of 
adsorbent, which shows the strength of relationship between adsorbate and adsorbent 
(Bulut et al., 2006). In the present work, the values of k obtained for Cu^ "^  were 15.22, 
1.06 and 15.36 by M C A , A C and CER respectively, the values of k obtained for Ni^^ 
were 0.86, 0.70 and 16.16 by M C A , A C and CER respectively and the values of k 
obtained for Zn^ "" were 5.43, 0.74 and 14.47 by M C A , A C and CER respectively. The 
order of k for three adsorbents in the case of metal ion removal showed that, CER > 
M C A > AC. This further indicated the high removal performance of metal ions by 
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CER. In addition, for M C A and, the order of k towards the metal ions was, Cu^^ > 
Zn2+ > Ni2+. This result showed that the strength of relationship between metal ions 
and M C A / A C was in the order of Cu^ "" > Zn^ "^  > Ni^^. And this further proved the 
same adsorption affinity obtained in RCs for the optimized conditions which 
mentioned in Section 5.3.7. On the other hand, for CER, the order of k towards the 
metal ions was, Ni^^ > Cu2+ > Zr?^. This result showed that the strength of 
relationship between metal ions and CER was in the order of Ni^^ > Cu^ "^  > Zr?^. 
Again, similar trend of adsorption affinity was obtained in the optimization of metal 
ions by C E R which related to the electronegativity of metal ions. 
The adsorption intensity {Mn) reflects the system suitability, and the 
adsorption is considered to be favourable when Mn < 1 (Sag et al., 2000). In the 
present work, \/n = 0.29 (MCA), 0.48 (AC) and 0.35 (CER), which indicated the 
adsorption of Cu^^ by M C A , A C and CER was favourable. For Ni^^, \/n = 0.65 
(MCA), 0.52 (AC) and 0.30 (CER), which indicated the adsorption o f N p by M C A , 
A C and C E R was favourable. For Zn^ "", \/n = 0.28 (MCA), 0.42 (AC) and 0.31 
(CER)，which indicated the adsorption of Zn^ "" by M C A , A C and C E R was 
favourable. 
5.3.11 Dimensionless separation factor 
The effect of isotherm shape could be used to predict whether an 
adsorption system is favorable or not in batch processes. The parameter R^ indicates 
the shape of the isotherm accordingly (Webi et al., 1974): The value of R^ indicates 
the type of the isotherm to be either unfavorable (Rl > 1), linear {Ri = 1), favorable 
(0 < Rl < 1), or irreversible (Rl = 0). From Table 4.6, all the mean Rl values 
calculated indicated that adsorption of three metal ions on M C A (0.0614 - 0.5450), 
C E R (0.0031 - 0.0656) and A C (0.0051 - 0.3105) were favorable { 0 < R l < 1) for all 
135 
initial metal ion concentrations. 
Table 5.1. Adsorption capacities for Cu�., Ni^ "^  and Zn^ ^ of various adsorbents. 
Metal Adsorbents qmax (mg/g) Referecne 
Cu2+ Cation exchange resin 89.29 This study 
Chitin A 64.82 Tsui, 2000 
Magnetite-immobilized chitin A 53.19 This study 
Seaweed iUlva sp. 2) 52.11 Lau, 2000 
Green alga {Chlorella vulgaris) 34.95 Aksu et al., 1999 
Bacterium (Zoogloea ramigerd) 33.04 Sag and Kutsal, 1995 
Industrial waste slurry 20.97 Lee and Davis, 2001 
Chitosan 16.80 Huang et al., 1996 
Peat moss 12.07 Gosset et al, 1986 
Fungus {Aspergillus niger) 6.53 Kapoor et al, 1999 
Activated carbon 5.82 This study 
Ni2+ Cation exchange resin 72.46 This study 
Magnetite-immobilized chitin A 49.02 This study 
Bacterium {Zoogloea ramigerd) 46.37 Sag and Kutsal, 1995 
Seaweed {Ulva sp. 2) 28.17 Lau, 2000 
Chitin A 18.78 Tsui, 2000 
Peat moss 11.15 Gosset et al., 1986 
Activated carbon 10.85 This study 
Green alga {Chlorella miniata) 2.93 Wong et al, 2000 
Chitosan 2.40 Huang et al., 1996 
Fungus {Aspergillus niger) 1.17 Kapoor et al.，1999 
Zn2+ Cation exchange resin 66.67 This study 
Chitin A 52.31 Tsui, 2000 
Seaweed {Ulva sp. 2) 49.70 Lau, 2000 
Brown alga (Cymodocea nodosa) 44.47 Sanchez et al., 1999 
Magnetite-immobilized chitin A 23.58 This study 
Fungus {Rhizopus arrhizus) 13.73 Zhou, 1999 
Fungus {Mucor racemosus) 13.08 Zhou, 1999 
Peat moss 11.12 Gosset et al, 1986 
Activated carbon 10.47 This study 
5.3.12 Kinetic parameters of adsorption 
It is important to be able to predict the rate at which contamination is 
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removed from aqueous solution for designing an adsorption treatment plant. In order 
to analyze the adsorption kinetics of three metal ions on MCA, three kinetic models, 
which were the pseudo-first-order, pseudo-second-order and intraparticle diffusion 
have been applied for the experimental data. The plots of linear form of the 
pseudo-first-order, pseudo-second-order (Figures 4.37-4.39) and intraparticle 
diffusion (Figures 4.40-4.42) for the adsorption of three metal ions were obtained. 
The kinetic parameters for the adsorption of three metal ions on M C A were given in 
Table 4.7. The plots of log (^ eq 一 qd versus t for the pseudo-first-order equation were 
not shown as a figure because the correlation coefficients for the pseudo-first-order 
model were lower than that of the pseudo-second-order model (shown in Table 4.7). 
Therefore, this implied that the adsorption of three metal ions on M C A did not follow 
the pseudo-first-order kinetic model. 
The correlation coefficients obtained for Cu^ "*" were greater than 0.9998 or 
equal to 1, Ni^ "^  were greater than 0.9997 or equal to 1 and Zrf^ were greater than 
0.9994 or equal to 0.9999 for the pseudo-second-order model. These results highly 
implied that the adsorption system studied follows to the pseudo-second-order 
kinetic model at all time intervals and rate constants were affected by initial metal 
ion concentration. Also, this supported the assumption behind the model that the 
adsorption is due to chemisorption (rate-controlling step) which involving valency 
forces through sharing or exchange of electrons between the hydrophilic edge sites of 
adsorbent and polar ions (Prasanna et al., 2006). Moreover, the pseudo-second-order 
expression has been successfully applied to the adsorption of these three metal ions 
from aqueous solution by other adsorbents (Ho, 2006). The finding was summarized 
in Table 5.2. 
The kinetic results were then analyzed by using the intraparticle diffusion 
1 /2 
model. According to this model, the plot of qt versus the square root of time {t ) 
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should be linear if intraparticle diffusion is involved in the adsorption process and if 
these lines pass through the origin then intraparticle diffusion is the rate-controlling 
step. When the plots do not pass through the origin, this is indicative of some degree 
of boundary layer control and these further shows that the intraparticle diffusion is 
not the only rate-limiting step, but also other kinetic models may control the rate of 
adsorption, all of which may be operating simultaneously (Weber Jr. et al,, 1963). 
From the results obtained in Figures 4.404.42，all best-fit straight lines that did not 
pass through the origin indicating that there was an initial boundary layer resistance. 
The correlation coefficients, r^ , (given in Table 4.8) for the intraparticle diffusion at 
different initial concentrations did not exceed the values of 0.7682 for Cu^^ 0.8447 
for Ni2+ and 0.8983 for Zn^^. This also indicated that adsorption of three metal ions 
on M C A was not diffusion controlled (Gucek et al., 2005). 
Table 5.2. Pseudo-second-order kinetic model of various related systems from the 
literature. 
Adsorbates Adsorbents References 
Cu2+ Chitin, Rhizopus arrhizus Sag et al, 2002 
Chitosan Wan Ngah et al, 2004 
Peat Giindogan et al, 2004 
Rhizopus oligosporus Beolchini et al，2003 
Tree fern Ho, 2003 
Ni2+ Alginate Abu et al, 2004 
Aspergillus niger Kapoor et al, 1999 
Chitosan Gyliene et al., 2004 
Mucor romii Yan et al., 2003 
Wollastonite Ho et al, 1999 
Zn2+ Calabrian pine bark Acemioglu et al., 2004 
Mucor romii Yan et al, 2003 
Myriophyllum spicatum Keskinkan et al, 2003 
Sugar beet pulp Reddad et al, 2002 
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5.3.13 Thermodynamic parameters of adsorption 
The thermodynamic parameters of A//° and AS° were obtained from the 
plot of In Ka versus \/T and shown in Figures 4.40, 4.41 and 4.42 for Cu^^, Ni^ "" and 
Zn2+ respectively. 
The Gibbs free energies (AG°) were calculated form Equation (7) and the 
results were given in Table 4.9. For all three metal ions, the negative values of AG° 
of all temperatures obtained. These negative values of all temperatures confirmed the 
feasibility of the process and the spontaneous nature of adsorption with a high 
preference for metal ions to adsorb onto M C A (Ho, 2003). 
The positive value of AH° (55.41 kJ mol"') indicated that the adsorption of 
Cu2+ on M C A was an endothermic process. While the negative value of (-38.44 
and -55.09 kJ mol"') indicated that the adsorption of Ni^^ and Zn2+ on M C A was an 
2+ 
exothermic process. Similar results were obtained for Cu by tree fern (Ho, 2003), 
Ni2+ by zeolite and Zn:. by leave biomass (Prasanna et al., 2006). 
The positive value of (243.78 J/mol K) obtained from the adsorption 
of Cu2+ showed that the increasing randomness at the solid/liquid interface during the 
adsorption process. The positive value of A5*。reflected the affinity of the M C A for 
Cu2+ and suggested some structural changes in Cu2+ and M C A (Gupta, 1998). This 
could be used to explain the results obtained in the performance of M C A towards 
Cu2+ during adsorption and desorption cycle part in Section 5.4.2. 
The negative value of (-73.68 and -105.11 J/mol K) obtained from the 
adsorption of Ni^^ and Zn^ "^  showed that the decreasing randomness at the 
solid/liquid interface during the adsorption process. 
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5.4 Recovery of Cu^ ,^ NP— and Zn2+ from metal ion-laden MCA 
5.4.1 Performances of various solutions on metal ion recovery 
Five commonly used solutions were examined to recover the adsorbed 
metal ions from M C A effectively. Based on the results obtained in Figure 4.43，0.1 M 
HCl, 0.1 M H2SO4, 0.1 M HNO3, 0.1 M CeHgOv and 0.1 M EDTA showed to be the 
effective solutions for all three metal ions desorptions. The five different desorption 
solutions showed a good performance towards metal ion recovery. The calculated 
ReCs were all reached 100% and some were above 100%. More metal ions 
recovered was due to the decrease in pH after desorption by using those acidic 
solution which could increase the solubility of metal ions and cause in higher metal 
ion concentration detected. 
For those strong organic and inorganic acids (HCl, H2SO4, HNO3 and 
C6H8O7), over 100% of Cu^^, Ni^ "" and Zn�— could be recovered as the high 
concentration of protons (H+) would compete with metal ions for the binding sites. 
As a result, this made the bond between metal ions and the functional groups labile 
and finally caused the metal ions to be dislodged from the binding sites of M C A 
(Philip et al, 1995; Kapoor et al., 1999). Besides those acids, the complexing agent 
(EDTA) could also effectively recover loaded metal ions (100%) because the EDTA 
formed strong complex with Cu�—, Ni^^ and Zn^ "^  than the function group of M C A 
(Zhang et al., 1998). 
Finally, 0.1 M of EDTA was selected as a metal desorbing solution for the 
following adsorption and desorption cycle experiments even though the other organic 
and inorganic acids were also shown to be good desorption solutions. The reasons 
were discussed below. 
First of all, EDTA could save the cost of further treatment (pH adjustment) 
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after desoprtion. Table 4.10 showed the final desorption pH of various solutions of 
three metal ions after recovery process. It was found that the pHs of the mixture 
solution were significantly decreased for those organic and inorganic acids (HCl, 
H2SO4, HNO3 and C6H8O7). While for EDTA, the decrease in pH was not as much as 
the others. Moreover, those strong organic and inorganic acids could cause damage to 
the binding surfaces and structures of M C A and hence reduce its metal ion RC in the 
subsequent cycles (Tsezos, 1983). And if those acids were selected, extra alkaline 
solution must be required to adjust the mixture solution as acidic environmental was 
not favour for metal ion adsorption by M C A . This would increase the cost of 
adsorption and desorption cycle for metal ion removal. As a result, M C A could be 
easily and cheaply regenerated for the subsequent adsorption cycle by washing with 
ultrapure water if EDTA was chosen as the final pH was not low. 
5.4.2 Multiple adsorption and desorption cycles of metal ions 
The results of Section 5.4.1 confirmed that the loaded metal ions could be 
effectively recovered from M C A by EDTA. It is rather important that the reusability 
of M C A for metal ion adsorption repeatly to perform a cost-effective treatment when 
applied into the real situation. Since then, batch type multiple adsorption and 
desorption cycles of metal ions by M C A were determined. The results were shown in 
Figures 4.44, 4.45 and 4.46. 
When comparing the Cu^^ RCs in three adsorption and desorption cycles, a 
drastic reduction was observed after the first cycle (Figure 4.44). As mentioned in the 
thermodynamic part, the positive value of AS° reflected the affinity of the M C A for 
Cu2+ and suggested some structural changes in Cu^^ and M C A (Gupta, 1998). This 
could be used to explain the decrease the performance of M C A towards Cu^^ after 
the first adsorption and desorption cycle. However, in the case of Zn】—，the reduction 
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was smaller. The RC dropped from 14.74 mg/g in the first cycle to 8.35 mg/g in third 
cycles (Figure 4.46). 
On the other hand, the Ni RCs in the three adsorption and desorption 
cycles were 5.92, 6.13 and 6.05 mg/g respectively (Figure 4.45). It was found that 
the adsorption ability of M C A towards Ni^ "^  removal was not affected after three 
cycles. This result was totally different from above. One of the reasons was a relative 
high amount of M C A (750 mg) was applied for Ni^^ when compared to Cu^^ (90 mg) 
and Zn2+ (300 mg). Thus, when chitin A was loss during desorption process, the 
affect would not be visible when higher dose of M C A was used. As a result, the Cu^^ 
and Zn2+ RCs reduction in three adsorption and desorption cycles might due to the 
loss of chitin A after the first adsorption and desorption cycle with lower amount of 
M C A applied. 
When comparing ReEs of the three metal ions in three desorption cycles, 
nearly 100% could be achieved and all the metal ions were recovered after each 
cycle. 
Overall, M C A could be reused at least three times in the case of Ni^ "^ . 
Therefore, M C A was a possible choice as a good adsorbent and it has a high 
economic feasibility of its practical uses in wastewater treatment applications today. 
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6. Conclusions 
The present study showed that the immobilization of chitin A by magnetite 
was effective and successful under optimized conditions. Moreover, mass production 
of M C A in the immobilization process would be feasible which could be indicated by 
both high immobilization efficiency and capacity. As a result, M C A prepared from 
low-cost material was considerably efficient to improve and simplify the separation 
technology by magnetic field in wastewater treatment process. 
M C A was then applied to investigate the efficiency on three metal ions 
(Cu2+，Ni2+ and Zn^^) removal. A C and CER were applied to compare the adsorption 
with M C A . The adsorption of M C A was highly dependent on pH, adsorbent dosage, 
temperature and initial metal ion concentration. Under optimized conditions, the 
removal capacities of three metal ions by adsorbents were in the order of CER, M C A 
and AC. In addition, the adsorption affinity of M C A was Cu^ "" > Zn^^ > Ni^ .^ The 
equilibrium data fit well in the Langmuir model of adsorption, showing monolayer 
coverage of Cu^^ and Zn】. molecules at the outer surface of MCA. While for Ni^ "^ , 
the equilibrium data fit well in the both models of adsorption which indicated both 
homogeneous and heterogeneous distribution occurring in the adsorption system. 
The dimensionless separation factor {Ri) showed that M C A could be used for 
removal of all three metal ions from aqueous solutions. 
The kinetics of all three metal ion adsorption on M C A followed the 
pseudo-second-order model. The data obtained from Langmuir isotherm at different 
temperatures were used to calculate the thermodynamic parameters such as AG°, 
2+ 
A//° and AS°. The adsorption of Cu on M C A was spontaneous and endothermic in 
nature. While the adsorption of Ni^ "^  and Zn^^ on M C A was spontaneous and 
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exothermic in nature. 
In order to enhance the reusability, EDTA desorbing agent was applied in 
the adsorption and desorption cycle and proved that high recovery efficiency 
obtained by EDTA when recovering metal ions from metal ion-laded M C A . 
Generally, for Cu^^ and Zn^ "^ , the adsorption ability decreased while the adsorption 
ability remained stably for Ni^ "^  after the first adsorption and desorption cycle. 
Based on the results obtained in this study, MCA, which is an inexpensive 
and easily available material, that can be used for metal ions removal as an 
alternative for more operational friendly adsorbent in wastewater treatment processes. 
Last but not the least, the use of such low-cost adsorbent may contribute to the 
sustainability of the surrounding environment. Undoubtedly low-cost adsorbents 
offer a lot of promising benefits for commercial purpose in the future. 
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